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ABSTRACT 
A tidal bore is a surge of water propagating upstream in an estuarine zone when the macro-tidal 
flow turns to rising and rushes into a funnel shaped river mouth with shallow waters. A tidal bore is 
essentially a positive surge or compression wave formed in an estuary under spring tide conditions 
in a narrow funnelled channel mouth during the early flood tide. Herein, a series of laboratory 
experiments were conducted in a large facility to investigate the free-surface properties, unsteady 
turbulent velocity characteristics and instantaneous Reynolds shear stresses in tidal bores. Both 
breaking bores and undular bores were studied under controlled flow conditions. Both 
instantaneous and ensemble-averaged measurements were performed. Visual, instantaneous and 
ensemble-averaged free-surface observations showed the occurrence of undular bores for 1 < Fr1 < 
1.2 to 1.3, breaking bores for Fr1 > 1.4 to 1.5, and breaking bores with secondary waves for 1.2-1.3 
< Fr1 < 1.4-1.5. The breaking bore propagation was associated with an upward free-surface 
curvature immediately before the roller toe, and an abrupt increase in free-surface elevation with 
the passage of the breaking roller. The propagation of undular bores was associated with a smooth 
upward free-surface curvature, followed by a smooth first wave crest and a train of secondary 
quasi-periodic undulations. The passage of the bore front was always linked to large free-surface 
fluctuations, and the data showed maximum free-surface fluctuations occurring slightly after the 
arrival of the bore front. All velocity measurements showed a strong deceleration during the 
passage of the bore front. Large velocity fluctuations were observed for the three velocity 
components at all elevations. Marked peaks in velocity fluctuations were highlighted for breaking 
bores shortly after the passage of the breaking roller toe. The Reynolds stress data showed that the 
propagation of tidal bores induced large turbulent stresses and shear stress fluctuations, particularly 
beneath the bore front. Maxima in normal and tangential stresses were observed shortly after the 
passage of a breaking bore roller toe.  The maximum Reynolds stresses occurred after the 
occurrence of the maximum free-surface fluctuations, indicating some interaction between the free-
surface fluctuations and shear stress fluctuations beneath the bore front. The propagation of tidal 
bores was associated with a broad range of shear stress levels underneath the bore front, with the 
probability density of the tangential stresses distributed normally and the normal stresses distributed 
in a skewed single-mode fashion. Altogether the present study demonstrated the intense turbulence 
and turbulent mixing under breaking and undular tidal bores. A careful study of a range of unsteady 
turbulent properties was conducted with two different Reynolds number ranges. For both undular 
and breaking bores, the results demonstrated that several parameters are likely to be affected by 
scale effects, even in large-size models. 
 
Keywords: Tidal bores, Breaking bores, Undular surges, Unsteady turbulence, Instantaneous 
velocity, Turbulent Reynolds shear stresses, Ensemble-averages, Physical modelling, Scale effects. 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
A channel cross-section area (m2); 
A1 initial channel cross-section area (m2) immediately prior to the tidal bore passage; 
aw wave amplitude (m): i.e., amplitude of first wave length; 
B free-surface width (m); 
B1 initial free-surface width (m) immediately prior to the tidal bore passage; 
d water depth (m); 
db brink depth (m) at the overfall; 
dmax maximum water elevation (m) of bore; 
d1 initial water depth (m) immediately prior to the tidal bore passage; 
d2 conjugate water depth (m) immediately behind the tidal bore; 
d25 first quartile of water depth ensemble (m); 
d50 median grain size (m); 
d75 third quartile of water depth ensemble (m); 
Fr Froude number; 
Fro Froude number of initial subcritical flow: 
 
1
1
o dg
VFr   
Fr1 tidal bore Froude number defined as: 
 
1
1
1
1
B
Ag
UVFr

  
 For a bore in a rectangular channel: 
 
1
1
1 dg
UVFr 
  
F sound frequency (Hz); 
f Darcy-Weisbach friction factor; 
g gravity acceleration (m/s2): g = 9.80 m/s2 in Brisbane, Australia; 
h Tainter gate opening (m) after gate closure; 
hs height (m) of free-surface rise immediately upstream of breaking roller toe; 
ks equivalent sand roughness height (m) as defined by NIKURADSE (1932); 
L channel length (m) 
Lb bubble cloud length (m); 
Lmax distance (m) of maximum water elevation; 
Lr roller length (m); 
Ls length (m) of free-surface rise immediately upstream of breaking roller toe; 
Lscale geometric scaling ratio, defined as the ratio of prototype to model dimensions; 
Lw wave length (m): i.e., first wave length of undular bore; 
 vi 
Mo Morton number: 
 3
4gMo 
  
N exponent; 
P pressure (Pa); 
Q water discharge (m3/s); 
Re tidal bore Reynolds number: 
 

 1
1
1 B
A)UV(
Re  
So bed slope: So = sin; 
t time (s); 
U celerity (m/s) of the bore roller toe positive upstream; 
V instantaneous velocity (m/s); 
V  ensemble-averaged velocity (m/s); 
V  velocity vector; 
Vx instantaneous longitudinal velocity component (m/s); 
Vy instantaneous horizontal transverse velocity component (m/s); 
Vz instantaneous vertical velocity component (m/s); 
V1 initial cross-sectional averaged flow velocity (m/s) immediately prior to the tidal bore 
passage; 
V25 instantaneous first quartile of velocity ensemble (m/s); 
V75 instantaneous third quartile of velocity ensemble (m/s); 
v velocity fluctuation (m/s): v = V - V  
vx instantaneous longitudinal velocity fluctuation (m/s); 
vy instantaneous horizontal transverse velocity fluctuation (m/s); 
vz vertical velocity fluctuation (m/s); 
vx' root mean square of longitudinal velocity fluctuation (m/s); 
vy' root mean square of horizontal transverse velocity fluctuation (m/s); 
vz' root mean square of vertical velocity fluctuation (m/s); 
W rectangular channel width (m); 
x longitudinal distance (m) positive downstream; 
xgate longitudinal position (m) of Tainter gate; 
y transverse distance (m) positive towards the right sidewall; 
z vertical distance (m) positive upwards; 
 
 void fraction; 
d characteristic water depth fluctuation (m): d = d75 - d25; 
t time lag (s) between bore passage and maximum free-surface fluctuations; 
tV time lag (s) between bore passage and maximum velocity fluctuations; 
 vii 
T time lag (s) between bore passage and maximum shear stress fluctuations; 
V characteristic velocity fluctuation (m): V = V75 - V25; 
 boundary layer thickness (m) defined in terms of 99% of the free-stream velocity; 
o initial boundary layer thickness (m); 
 dimensionless coefficient; 
 water viscosity (Pa.s); 
 angle between channel bed slope and horizontal; 
 water density (kg/m3); 
 surface tension (N/m) between air and water; 
 shear stress (Pa); 
ij Reynolds shear stress component (Pa); 
 Reynolds stress tensor; 
 
Subscript 
max maximum value; 
median cross-sectional median value; 
o initial subcritical flow conditions; 
i coordinate: i = x, y or z; 
j coordinate: j = x, y or z; 
x longitudinal component; 
y horizontal transverse component; 
z vertical component; 
1 initial flow property immediately prior to the tidal bore passage; 
2 conjugate flow property immediately after the tidal bore passage; 
25 first quartile; 
75 third quartile; 
 
Abbreviations 
ADM acoustic displacement meter; 
ADV acoustic Doppler velocimetry; 
AEB advanced engineering building; 
CFD computational fluid dynamics; 
DPIV digital particle image velocimetry; 
dSLR digital single-lens reflex (camera); 
d/s downstream; 
fps frames per second; 
LDV laser Doppler velocimetry; 
PDF probability distribution function; 
PIV particle image velocimetry; 
STD standard deviation; 
 viii 
s second; 
UQ The University of Queensland; 
u/s upstream. 
 
Notes 
All times are expressed in local times using the local time zone. 
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1. INTRODUCTION 
A tidal bore is a surge of water propagating upstream in an estuarine zone when the tidal flow turns 
to rising and rushes into a funnel shaped river mouth with shallow waters (TRICKER 1965, 
PEREGRINE 1966, CHANSON 2011a) (Fig. 1-1). Figure 1-1 presents photographs of tidal bores. 
The bore forms typically during the spring tides when the tidal range exceeds 4-6 m and the estuary 
bathymetry amplifies the tidal range with a low freshwater level. Worldwide it is believed that over 
450 estuaries are affected by a tidal bore, on all continents except Antarctica (CHANSON 2011a). 
The interactions between tidal bores and mankind are complex. Tidal bores can be dangerous, 
impacting adversely on man-made structures and endangering lives (Fig. 1-2). Figures 1-2A and 1-
2B show photographs of interactions between a tidal bore and man-made engineering structures. 
Figure 1-2C shows a tidal bore warning sign along the Qiantang River bank in Hangzhou, China 
where over 80 people were drowned in the bore for the last 20 years. Tidal bores can be also a 
major touristic and sport attraction. Figure 1-2D illustrates a large number of tidal bore surfers 
preparing for the bore arrival. 
In an open channel, more generally, a sudden change in flow e.g. a sudden closure of a downstream 
regulation gate can induce a positive surge, which is characterised by an increase in flow depth 
(HENDERSON 1966, MONTES 1998, CHANSON 2004). A tidal bore is essentially a positive 
surge formed in an estuary under macro-tidal conditions during the early flood tide. After 
formation, the bore may be analogous to a translating hydraulic jump (RAYLEIGH 1908, 
LIGHTHILL 1978), and the shape of the bore front can be characterised by its Froude number Fr1 
defined as: 
 
1
1
1
1
B
Ag
UV
Fr

  (1-1) 
where V1 is the initial flow velocity positive downstream, U is the bore celerity positive upstream, g 
is the gravity acceleration, A1 is the initial flow cross-section area and B1 is the initial free-surface 
width (CHANSON 2012). For Fr1 < 1, the tidal wave cannot become a tidal bore. For Fr1 between 
unity and 1.4, the bore is an undular bore, with the front followed by a train of secondary waves that 
are well-formed quasi-periodic undulations (Fig. 1-1A). For Fr1 > 1.4 to 1.6, the leading edge of the 
bore is characterised by a breaking roller (Fig. 1-1B). The bore roller is characterised by a sudden 
increase in water depth, a highly turbulent flow with large-scale vortical structures, some kinetic 
energy dissipation, a two-phase air-water flow region and strong turbulence interactions with the 
free surface associated with splashes and droplet ejections.  
The integral form of the equations of conservation of mass and momentum gives a series of 
relationships between the flow properties in front of and behind the bore front (LIGHTHILL 1978, 
2 
CHANSON 2012). For a rectangular horizontal channel and neglecting bed friction, it yields: 
 

  1Fr81
2
1
d
d 2
1
1
2  (1-2) 
where d1 is the initial steady flow water depth and d2 is the conjugate flow depth immediately after 
the bore passage. 
Previous experimental studies on tidal bores included the works of FAVRE (1935), BENET and 
CUNGE (1971), YEH and MOK (1990), TRESKE (1994), HORNUNG et al. (1995), CHANSON 
(2005a,2010a,2010b,2011b), KOCH and CHANSON (2008,2009), DOCHERTY and CHANSON 
(2012), GUALTIERI and CHANSON (2011,2012), KHEZRI and CHANSON (2012a,b), SIMON 
and CHANSON (2013) and LENG and CHANSON (2015a,b). Table 1-1 presents a comparative 
summary of the most significant studies in terms of velocity measurements. Mathematical and 
numerical studies of tidal bores were previously developed by BARRÉ DE SAINT VENANT 
(1871), BOUSSINESQ (1871,1877), PEREGRINE (1966), MADSEN et al. (2005), PAN et al. 
(2007), FURUYAMA and CHANSON (2010), LUBIN et al. (2010), and SIMON et al. (2011). 
Field studies are fewer and encompassed TESSIER and TERWINDT (1994), CHEN (2003), 
SIMPSON et al. (2004), WOLANSKI et al. (2004), CHANSON (2005b,2009a), MOUAZÉ et al. 
(2010), CHANSON et al. (2011), and REUNGOAT et al. (2014,2015). 
Herein, a series of laboratory experiments were conducted in a large facility to investigate the free-
surface properties, unsteady turbulent velocity characteristics and instantaneous Reynolds shear 
stresses in tidal bores. Both breaking bores and undular bores were investigated under controlled 
flow conditions. Table 1-1 compares the present investigation with a number of relevant studies. 
Both instantaneous and ensemble-averaged measurements were performed in the present study. 
With the ensemble-averaged measurements, the experiments were repeated 25 times for each set of 
flow condition and the results were analysed to characterise both the median value and fluctuations 
in velocity and turbulent shear  stresses. Appendix A presents a number of photographs of the 
experiments. Appendix B lists high-speed video movies available online. Appendices C to G 
regroup the main experimental results. Appendix H discusses the rumble sound of tidal bores with a 
comparison between field and laboratory observations. 
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(A) Undular bore of the Dordogne River at St Pardon (France) on 20 October 2013 about 18:05 
 
(B) Breaking bore of the Qiantang River at Laoyanchang on 11 October 2014 at 14:00 
Fig. 1-1 - Photographs of tidal bores (by Hubert CHANSON) 
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(A) Tidal bore of Qiantang River impacting on the 18th century estuary seawall at Xinchang 
(China) on 13 October 2014 at 13:40 
 
(B) Tidal bore of Qiantang River impacting a spur dyke between Yanguan and Laoyanchang 
(China) on 11 October 2014 about 13:47 - Bore propagation from background left to foreground 
right 
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(C) Tidal bore warning sign at Xiasha, Hangzhou (China) on northern bank of the Qiantang River 
on 15 October 2014 
 
(D) Tidal bore surfers on the Dordogne River on 20 October 2013 at St Pardon (France) prior to the 
bore - There were about 70-80 people on the water and a lot of spectators on the river banks 
Fig. 1-2 - Interactions between tidal bores, man made structures and man kind (Photographs Hubert 
CHANSON) 
6 
Table 1-1 – Detailed laboratory studies of tidal bores 
 
Reference W 
(m) 
So Bed 
roughness 
Q (m3/s) d1 (m)  U (m/s) Fr1 Instrumentation Remarks 
Present study 0.70 0 Smooth bed 
(PVC) 
0.055 to 
0.101 
0.121 to 
0.196 
0.6 to 1.32 1.1 to 1.6 Acoustic displacement meters, 
Nortek Vectrino+ ADV 
L = 19 m. 
  0.0025  0.071 to 
0.101 
0.113 to 
0.143 
0.46 to 
0.92 
1.2 to 1.6 (200 Hz), HD video camera & 
High-speed camera 
 
  0.005  0.055 to 
0.101 
0.072 to 
0.105 
0.25 to 
0.77 
1.6 to 2.1   
  0.0075  0.055 to 
0.101 
0.063 to 
0.096 
0.25 to 0.7 1.9 to 2.3   
YEK and MOK (1990) 0.61 0 Smooth bed 0 0.04 to 
0.06 
-- 1.35 to 
2.07 
Water sensors & argon-ion laser 
sheet 
L = 16.5 m. 
HORNUNG et al. (1995) -- 0 Smooth bed 0 -- -- 1.5 to 6 DPIV (15 Hz, 500×650 pixels, 1 
pixel = 0.2×0.2 mm2) 
L = 24 m. 
KOCH and CHANSON 
(2009) 
0.50 0 Smooth bed 
(PVC) 
0.040 0.079 0.14 to 
0.68 
1.31 to 
1.93 
Acoustic displacement meters, 
Sontek microADV 2D (50 Hz) 
L = 12 m. 
CHANSON 
(2010b,2011b) 
0.50 0 Smooth bed 
(PVC) 
0.058 0.137 0.56 to 
0.90 
1.17 to 
1.49 
Acoustic displacement meters 
&Nortek Vectrino+ 
L = 12 m. 
  0 Plastic 
screens 
0.058 0.142 0.50 to 
0.89 
1.13 to 
1.47 
ADV (200 Hz) ks = 8 mm, L = 12  m. 
  0.015 
to 
0.100 
Smooth bed 
(PVC) 
0.035 to 
0.06 
0.040 to 
0.072 
0.002 to 
0.22 
1.71 to 
2.83 
 Decelerating bores, L = 
12 m. 
CHANSON and TAN 
(2010) 
0.50 0 Smooth bed 0.013 to 
0.058 
0.050 to 
0195 
0.31 to 
1.18 
1.02 to 1.7 Acoustic displacement meters, 
video cameras 
Neutrally buoyant 
particle tracking. 
GUALTIERI and 
CHANSON (2011,2012) 
0.5 0 Smooth bed 
(PVC) 
0.060 0.137 to 
0.145 
0.52 to 
0.95 
1.15 to 
1.54 
Acoustic displacement meters, 
Sontek microADV 2D (50 Hz) 
L = 12 m. 
DOCHERTY and 
CHANSON (2012) 
0.5 0 Smooth bed 
(PVC) 
0.050 0.117 to 
0.119 
0.29 to 
0.85 
1.08 to 
1.65 
Acoustic displacement meters & 
Nortek Vectrino+ 
L = 12 m. 
  0.002 Fixed gravel 
bed 
0.050 0.125 0.31 to 
0.88 
1.01 to 
1.52 
ADV (200 Hz) ks = 3.4 mm, d50 = 5.7 
mm, L = 12 . 
SIMON and CHANSON 
(2013) 
0.50 0.0077 Fixed gravel 
bed 
0.036 & 
0.055 
0.086 to 
0.113 
0.23  to 
0.76 
1.14 to 
1.66 
Acoustic displacement meters, 
Nortek Vectrino+ ADV (200 Hz)
ks = 3.4 mm, d50 = 5.7 
mm, L = 12 m. 
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Reference W 
(m) 
So Bed 
roughness 
Q (m3/s) d1 (m)  U (m/s) Fr1 Instrumentation Remarks 
KHEZRI (2014) 0.50  Fixed gravel 
bed 
0.050 0.136 0.6 to 0.9 1.19 to 
1.39 
Acoustic displacement meters, 
Nortek Vectrino+ ADV 
ks = 3.4 mm, d50 = 5.7 
mm, L = 12 m. 
   Mobile gravel 
bed 
0.050 0.136 0.6 to 0.9 1.17 to 
1.41 
(200 Hz) &Video camera Live bed: d50 = 5.7 
mm, L = 12 m. 
FURGEROT (2014) 0.50 0 Smooth bed 
(PVC) 
0.017 to 
0.072 
0.097 to 
0.187 
0.79 to 
1.12 
1.26 to 
1.58 
Acoustic displacement meters, 
Nortek Vectrino ADV & Dantec 
LDV (250 Hz) 
L = 16.5 m. 
CHANSON and TOI 
(2015) 
0.50 0.0035 Smooth bed 
(PVC) 
0.025 0.051 0.26 to 
0.53 
1.7 to 2.1 Acoustic displacement meters, 
Nortek Vectrino+ ADV (200 Hz)
Physical modelling of a 
field data set. L = 12 
m. 
LENG and CHANSON 
(2015a) 
0.70 0 Smooth bed 
(PVC) 
0.085 0.146 to 
0.165 
0.90 to 
0.99 
1.33 to 
1.49 
Acoustic displacement meters, 
HD video camera & Phase-
detection probe 
L = 19 m. 
 
Notes: d1: initial water depth; Fr1: tidal bore Froude number; ks: equivalent sand roughness height; L: test section length; Q: initial water discharge; 
So: bed slope; U: average bore celerity; W: channel width. 
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2. EXPERIMENTAL FACILITY AND INSTRUMENTATION 
2.1 EXPERIMENTAL FACILITY 
New experiments were performed in a 19 m long 0.7 m wide tilting flume, made of glass side walls 
and smooth PVC bed (1). The initially steady flow was supplied by an upstream water tank leading 
to the glass-sidewalled test section through a smooth convergent intake. The discharge provided by 
the tank was measured by a magneto flow meter with an accuracy of 10-5 m3/s and was checked 
systematically against the brink depth db at the downstream overfall (2). 
A fast-closing Tainter gate was located next to the downstream end of the channel at x = 18.1 m, 
where x is measured from the upstream end of the glass-sidewalled channel. A radial gate was 
located further downstream at x = 18.88 m and was followed by a free overfall (Fig. 2-1). A 
dimensioned sketch of the gates is shown in Figure 2-1A. Figure 2-1B presents an overview of the 
experimental channel. Photographs of the experiment are presented in Appendix A. 
 
2.2 INSTRUMENTATION 
In steady flows, the water depths were measured using pointer gauges with an accuracy of 0.001 m. 
The unsteady water depths were recorded with acoustic displacement meters. A Microsonic™ 
Mic+35/IU/TC unit was located at x = 18.17 m immediately downstream of the Tainter gate. 
Further nine acoustic displacement meters Microsonic™ Mic+25/IU/TC were spaced upstream of 
the gate at x = 17.81 m, 17.41 m, 14.96 m, 12.46 m, 9.96 m, 8.5 m, 6.96 m, 3.96 m and 0.96 m. 
Photographs of the sensor mounting are shown in Figure 2-2 and in Appendix A. All acoustic 
displacement meters (ADMs) were placed above the channel centreline, calibrated against pointer 
gauge measurements in steady flows, and sampled at 200 Hz (Fig. 2-2 Left). Further information on 
the ADM characteristics is reported in Table 2-1. The applicability of ADM to breaking bores with 
air bubble entrainment was tested against sidewall dSLR photography. The differences between the 
two methods were small to negligible (3). 
In steady and unsteady flows, the velocity measurements were conducted with an acoustic Doppler 
velocimeter (ADV) Nortek™ Vectrino+ (Serial No. VNO 0436) equipped with a three-dimensional 
sidelooking head (Fig. 2-3) at a range of vertical elevations z above the invert. Herein the ADV was 
                                                 
1 The hydraulic roughness of the channel was tested (LENG and CHANSON 2014) and the equivalent Darcy 
friction factor was f = 0.016 on average, corresponding to an equivalent sand roughness height ks = 0.1 mm 
based upon the Colebrook-White formula. 
2 With the radial gate fully opened. 
3 The effect of air bubbles on displacement meter readings was tested systematically in hydraulic jumps and 
plunging jets (CHANSON et al. 2002, MURZYN and CHANSON 2009, CHACHEREAU and MURZYN 
2011, WANG 2014). The time-averaged free-surface elevation was found to be close to the characteristic 
elevation where the time-averaged void fraction was 50%. 
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located at x = 8.5 m on the channel centreline and the mounting of the ADV is shown in Figure 2-2. 
The velocity range was ±1.0 m/s and the sampling rate was 200 Hz. The data accuracy was 1% of 
the velocity range. The ADV was set up with a transmit length of 0.3 mm and a sampling volume of 
1.5 mm height. The channel was seeded consistently with a dilution of spherical glass powder (4) at 
a rate of 5 litres for every hour of channel operation. The glass bead solution was introduced next to 
the intake between x = 0.96 m and 3.96 m, and the dilute solution was dispersed progressively with 
time. Both the acoustic displacement meters and acoustic Doppler velocimeter were synchronised 
within ±1 ms, and they were sampled simultaneously at 200 Hz. 
 
      
(A) Dimensioned sketches of Tainter gate (left) and radial gate (right) 
 
(B) Overview of the experimental channel and facility setup 
Fig. 2-1 - Definition sketch of the experimental setup 
 
The post processing of the ADV data was conducted with the software WinADVTM version 2.031. 
In steady flows, the ADV post processing included the removal of communication errors, the 
                                                 
4 Sphericel hollow glass spheres manufactured by Potters industries (Laverton VIC 3028, Australia). The 
glass powder was diluted at a rate of approximately 25 g per litre of water, 
10 
removal of average signal to noise ratio data less than 5 dB and the removal of average correlation 
values less than 60%. In addition, the phase-space thresholding technique developed by GORING 
and NIKORA (2002) and implemented by WAHL (2003) was used to remove spurious points in the 
data set. In unsteady flow conditions, the above post-processing technique was not applicable 
(CHANSON 2008,2010b, KOCH and CHANSON 2009). The unsteady flow post-processing was 
limited to a removal of communication errors, and it is acknowledged that the vertical velocity 
component data might be affected adversely by the bed proximity for z < 0.030 m. 
Additional information was obtained with a dSLR camera PentaxTM K-3, video camera SonyTM 
HDR-XR160E (50fps, resolution: 1920p×1080p) and digital camera CasioTM Exlim Ex10 (Movie 
modes: 120fps, resolution: 640p×480p; 240fps, resolution: 512p×384p). 
 
    
Fig. 2-2 - Photographs of the mounting of an acoustic displacement meter (left) and acoustic 
Doppler velocimeter (right) in the experimental channel 
 
Table 2-1- Characteristics of the ultrasonic acoustic displacement meters 
 
Characteristic Microsonic™ 
Mic+25 
Microsonic™ 
Mic+35 
Accuracy (mm) 0.18 0.18 
Response time (ms) 50 70 
Ultrasonic frequency (kHz) 320 400 
Wave length (at 20ºC) (mm) 1.1 0.9 
Detection zone radius at 
operating range (mm) 
22 37.5 
Blind zone (mm) 30 60 
Operating range (mm) 250 350 
Maximum range (mm) 350 600 
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Reference: Microsonic™ webpage {http://www.microsonic.de/}. 
 
 
Figure 2-3 - Sketch of the three-dimensional side-looking head of a Nortek Vectrino+ ADV (after 
DOCHERTY and CHANSON 2010) 
 
2.3 INITIAL FLOW CONDITIONS 
A series of measurements were conducted at x = 8.5 m in steady flows, recording simultaneously 
the longitudinal, transverse and vertical velocity components at different vertical elevations 
throughout the water column. Figure 2-4 presents typical velocity profiles and tangential Reynolds 
stress profiles for two significantly different discharges and initially steady flow Froude numbers 
Fro = V1/(gd1)1/2 The data highlighted that the initial flow was partially developed at the test 
section (x = 8.5 m). For all investigated flow conditions, the dimensionless boundary layer 
thickness δo/d1 was between 0.3 and 0.5. In the turbulent boundary layer, the longitudinal velocity 
component distribution followed a 1/N-th power law with N ranging from 6 to 11. The turbulent 
velocity fluctuations were lower for higher initial Froude number, with the fluctuations of vertical 
velocity being the largest regardless of the inflow conditions. The range of tangential Reynolds 
stress was significantly larger for a supercritical flow with initial Froude number Fro > 1. 
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(A) Q = 0.101 m3/s, So=0, radial gate opening = 0.125 m, Fro = 0.5 
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(B) Q = 0.101 m3/s, So = 0.0075, radial gate opening = fully-opened, Fro = 1.6 
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(C) Q = 0.055 m3/s, So = 0, radial gate opening = 0.051 m, Fro = 0.3 
Fig. 2-4 - Vertical velocity profiles (left) and tangential Reynolds stress profiles (right) of the initial 
steady flow at x = 8.5 m 
 
2.4 EXPERIMENTAL FLOW CONDITIONS 
Four initial discharges (Q = 0.101, 0.085, 0.071 and 0.055 m3/s) were tested for instantaneous free-
surface and velocity measurements, with the highest and lowest discharges being used for the 
ensemble-average measurements. The tidal bores were generated by the rapid closure of the Tainter 
gate and the bore propagated upstream. The closure time was less than 0.15 and 0.2 s, and such a 
closure time was small enough to have a negligible effect on the bore propagation. Appendix B 
presents some movies of the bore generation and propagation. For the breaking bore experiments, 
the radial gate was fully opened; the bore was generated by the rapid closure of the Tainter gate. For 
a given discharge, the bore Froude number was controlled by the gate opening h after closure, the 
initial flow depth d1 and bed slope So. While the bulk of experiments were performed with a 
horizontal slope (So = 0), a steeper bed slope was used to generate larger bore Froude numbers 
(Table 2-2). For the generation of undular bores, the radial gate was initially partially closed to raise 
the initial water depth d1. The bores were generated by the rapid closure of the Tainter gate (5) and 
propagated upstream. 
Both instantaneous and ensemble-average experiments were performed herein. For all experiments, 
the instruments were started 60 s before gate closure, and sampling stopped when the bore reached 
the upstream intake. During the ensemble-average experiments, a total of 25 runs were repeated for 
                                                 
5 The radial gate position remained unchanged during an experiment. 
14 
each set of controlled flow conditions; the median free-surface elevations and velocity components 
were calculated from the total ensemble. Table 2-2 summarises the present experimental flow 
conditions. 
 
Table 2-2 - Experimental flow conditions and types of measurements (Present study) 
 
So Q 
(m3/s) 
Radial gate 
opening 
(m) 
h 
(m) 
Bore type d1 Fr1 Instrumen-
tation 
Type of 
measurements 
0.055 ADM Instantaneous 
0.071 ADM Instantaneous 
0.085 ADM Instantaneous 
0 
0.101 
N/A 0 to 
0.105 
Breaking& 
undular 
0.121 to 
0.172 
1.2 to 
1.6 
ADM & 
ADV 
Instantaneous & 
ensemble-
average 
0.055 ADM & 
ADV 
Instantaneous & 
ensemble-
average 
0.071 ADM Instantaneous 
0.085 ADM Instantaneous 
0 
0.101 
0.051- 
0.125 
0 to 
0.105 
Breaking 
& undular 
0.188 to 
0.196 
1.1 to 
1.3 
ADM & 
ADV 
Instantaneous & 
ensemble-
average 
0.071 ADM Instantaneous 
0.085 ADM Instantaneous 
0.0025 
0.101 
N/A 0 to 
0.105 
Breaking 
& undular 
0.113 to 
0.143 
1.2 to 
1.6 
ADM Instantaneous 
0.055 ADM & 
ADV 
Instantaneous & 
ensemble-
average 
0.071 ADM Instantaneous 
0.085 ADM Instantaneous 
0.005 
0.101 
N/A 0 to 
0.071 
Breaking 
& undular 
0.072 to 
0.105 
1.6 to 
2.1 
ADM Instantaneous 
0.055 ADM Instantaneous 
0.071 ADM Instantaneous 
0.085 ADM Instantaneous 
0.0075 
0.101 
N/A 0 to 
0.071 
Breaking 0.063 to 
0.096 
1.9 to 
2.3 
ADM & 
ADV 
Instantaneous & 
ensemble-
average 
 
Note: Ensemble-averaged experiments were repeated 25 times. 
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3. FLOW PATTERNS 
3.1 PRESENTATION 
Visual, video and photographic observations were conducted to document the basic flow patterns of 
the upstream propagation of tidal bores. Both breaking and undular bores were investigated. Figures 
3-1 and 3-2 show typical side views of the propagation of a breaking bore (Fr1 = 1.6) and undular 
bore with shock waves developing at the free-surface (Fr1 = 1.2) respectively. 
No bore was visible for a Froude number less than unity. For 1 < Fr1 < 1.1 to 1.3, the bore was 
undular. The bore was characterised by a gentle upward free-surface rise and a series of quasi two-
dimensional secondary undulations (Fig. 3-2 & movie CIMG0078.mov, App. B). There was no 
breaking, and small shock waves initiated from the sidewalls upstream of the first wave crest, 
intersecting at the first wave crest on the centreline (Fig. 3-3). 
Breaking bores with secondary waves (1) developing behind the breaking roller were observed for 
1.2 to 1.3 < Fr1 < 1.4 to 1.5. The bores were characterised by a thin layer of breaking developing at 
the bore front across most of the channel width, followed by a train of smooth, three-dimensional 
secondary waves. 
For Fr1 > 1.4 to 1.5, the secondary wave motion disappeared and the breaking bore was 
characterised by a steep wall of water with a sharp breaking front (Fig. 3-1 & movie 
CIMG0007.mov, App. B). The propagation process was highly unsteady turbulent, with an abrupt 
rise in free-surface elevation and rapidly fluctuating breaking roller (LENG and CHANSON 
2015a). The initially steady free-surface curved upwards slightly before the arrival of the breaking 
roller toe for Froude numbers smaller than 2. Such an upward streamline curvature may be derived 
from theoretical considerations and was previously reported (VALIANI 1997, CHANSON 2010b, 
DOCHERTY and CHANSON 2012). For Froude numbers greater than 2, such an upward 
streamline curvature was not seen. The breaking roller was characterised by a two-phase air-water 
flow region and strong turbulent interactions, with free-surface splashes and droplet ejection. The 
free-surface was nearly horizontal behind the roller, although with large fluctuations. 
Overall the visual observations were consistent with earlier findings (HORNUNG et al. 1995, 
KOCH and CHANSON 2009, CHANSON 2010b, CHANSON and DOCHERTY 2012, KHEZRI 
and CHANSON 2012a). 
 
                                                 
1 Herein the expression "breaking bore with secondary waves" is used in line with PEREGRINE (1966). 
Other researchers used the expression "undular bore with some breaking" to denote the same flow pattern 
(KOCH and CHANSON 2009, CHANSON 2010b, KHEZRI and CHANSON 2012a) 
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(i)   (ii) 
(iii)   (iv) 
Fig. 3-1 - Breaking bore propagation from left to right, viewed from the side with a time interval of 
0.12 s between photographs; Flow conditions: Q = 0.101 m3/s, So = 0, Radial gate opening = fully-
opened, h= 0 m, Fr1 = 1.6 
(i)   (ii) 
(iii)   (iv) 
Fig. 3-2 - Undular bore propagation from left to right, viewed from the side with a time interval of 
0.12 s between photographs; Flow conditions: Q = 0.101 m3/s, So = 0, Radial gate opening = 0.125 
17 
m, h = 0.071 m, Fr1 = 1.2 
 
 
Fig. 3-3 - Undular bore with shock waves (arrows) at x = 9.3 m - Flow conditions: Q = 0.101 m3/s, 
So = 0, Radial gate opening = 0.125 m, h = 0.071 m, Fr1 = 1.2, Bore propagation from background 
to foreground 
 
3.2 INSTANTANEOUS FREE-SURFACE MEASUREMENTS 
A series of instantaneous free-surface measurements were conducted using the acoustic 
displacement meters (ADMs) installed above the flume centreline. Four initial discharges ranging 
from 0.055 m3/s to 0.101 m3/s were tested with a number of Tainter gate settings (Table 3-1). The 
downstream radial gate was used to rise the initial steady flow depth for the generation of undular 
bores. Four bed slopes (0, 0.0025, 0.005 and 0.0075) were used, with the three higher slopes 
specifically for the investigation of breaking bores with high Froude numbers (Fr1 > 2). The 
experimental conditions are tabulated in Table 3-1. 
Figure 3-4 presents typical instantaneous free-surface measurements for two types of tidal bores: 
breaking (Fig. 3-4A) and undular (Fig. 3-4B). The complete results of the instantaneous free-surface 
measurements are reported in Appendix C. In Figure 3-4, t is the time since gate closure; the thin 
red solid line is the ADM sensor located immediately downstream of the Tainter gate at x = 18.17 
m. At that location, the sudden gate closure induced a negative surge. All other ADM sensors 
showed a marked rise in free-surface elevation associated with the passage of the bore, although 
some complicated transient flow pattern was observed immediately upstream of the gate (x = 17.81 
18 
m), as documented by SUN et al. (2015) (2). The propagation of the breaking bore was 
characterised by a sharp increase in water depths, followed by a wavy motion with nearly horizontal 
free-surface behind the marked roller (Fig. 3-4A). The conjugate depth of the breaking bores was 
slightly lower than the peak elevation of the breaking roller and was highly fluctuating. The 
propagation of undular bores were associated with a smoother rise in water level, followed by a 
train of secondary undulations (Fig. 3-4B). Overall the instantaneous ADM data were consistent 
with the photographic and video observations (Appendices A and B). 
 
Table 3-1 - Experimental flow conditions for instantaneous free-surface measurements (Present 
study) 
 
Date So Q 
(m3/s) 
Radial 
gate 
opening 
(m) 
h 
(m) 
Surge type d1 Fr1 Instrumentation 
11/08/2014-
20/08/2014 
0 0.055 
0.071 
0.085 
0.101 
0 0 to 
0.105
Breaking & 
Undular 
0.121-
0.172 
1.2to 
1.6 
ADMs 
29/08/2014-
02/09/2014 
0 0.055 
0.071 
0.085 
0.101 
0.051 to 
0.125 
0 to 
0.105
Breaking & 
Undular 
0.188-
0.196 
1.1 to 
1.3 
ADMs 
05/09/2014 0.0025 0.071 
0.085 
0.101 
0 0-
0.105
Breaking & 
Undular 
0.113-
0.143 
1.2 to 
1.6 
ADMs 
08/09/2014 0.005 0.055 
0.071 
0.085 
0.101 
0 0 to 
0.071
Breaking & 
Undular 
0.072-
0.105 
1.6 to 
2.1 
ADMs 
09/09/2014 0.0075 0.055 
0.071 
0.085 
0.101 
0 0 to 
0.071
Breaking 0.063-
0.096 
1.9 to 
2.3 
ADMs 
 
                                                 
2 The movies CIMG0006.mp4 and CIMG0080.mp4 show high-speed movies of the bore generation induced 
by the Tainter gate closure (App. B). 
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(A) Breaking bore - Radial gate opening = fully-opened, h = 0, Fr1 = 1.6 
t(g/d1)1/2
d/
d 1
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
x=8.5m
x=18.17m
x=17.81m
x=0.96m
 
(B) Undular bore - Radial gate opening = 0.125 m, h = 0.105 m, Fr1=1.1 
Fig. 3-4 - Instantaneous free-surface variations as functions of time of a breaking bore (A) and 
undular bore (B) measured at different longitudinal locations x along the flume, with t=0 at gate 
closure -  Flow conditions: Q = 0.101 m3/s, So = 0 
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4. UNSTEADY FREE-SURFACE CHARACTERISTICS 
4.1 ENSEMBLE-AVERAGED FREE-SURFACE MEASUREMENTS 
The propagation of tidal bores is a highly turbulent and unsteady process. A time average is 
meaningless to study the turbulent free-surface and velocity characteristics. Herein a series of 
ensemble-average measurements were conducted at x = 8.5 m for two different discharges: that is, 
Q = 0.101 m3/s and 0.055 m3/s. Both breaking and undular bores were generated for each discharge. 
Further identical bore Froude number Fr1 were achieved with different discharges (Table 4-1). For 
each set of flow conditions, the experiments were repeated 25 times and the results were ensemble-
averaged to obtain the median free-surface elevation dmedian and the difference between the third and 
first quartiles (d75-d25). The difference between the third and first quartiles (d75-d25) characterised 
the instantaneous free-surface fluctuations. For a Gaussian distribution of the data around its mean, 
(d75-d25) would be equal to 1.3 times the standard deviation of the total ensemble (SPIEGEL 1972). 
Table 4-1 summarises the flow conditions of the ensemble-averaged measurements. Figures 4-1 and 
4-2 present some typical ensemble-averaged data with the time variations of the free-surface 
elevation and fluctuations, where the time t = 0 corresponded to the Tainter gate closure. In each 
graph, the solid black line denotes the ensemble-averaged median free-surface elevation at x = 8.5 
m. Figure 4-1 shows the data for Fr1 = 1.5 and two different discharges. Figure 4-2 presents undular 
bore data. 
 
Table 4-1 - Experimental flow conditions for ensemble-averaged free-surface measurements 
 
Date So Q 
(m3/s) 
Radial 
gate 
opening 
(m) 
d1 
(m) 
d2 
(m) 
U 
(m/s)
Fr1 h 
(m) 
Surge 
type 
Instrumentation
1/10/2014 0.0075 0.101 0 0.10 0.28 0.71 2.2 0 Breaking ADMs & ADV.
7/10/2014 0.0005 0.055 0 0.07 0.14 0.26 1.5 0.051 Breaking ADMs & ADV.
13/10/2014 0 0.101 0 0.18 0.30 1.13 1.5 0 Breaking ADMs & ADV.
16/10/2014 0 0.101 0.125 0.21 0.27 1.00 1.2 0.071 Undular ADMs & ADV.
22/10/2014 0 0.055 0.051 0.20 0.25 1.27 1.2 0.017 Undular ADMs & ADV.
 
Notes: d1: initial flow depth at x = 8.5 m; d2; conjugate flow depth immediately after the bore 
passage; h: Tainter gate opening after fast closure; U: average bore celerity at x = 8.5 m. 
 
Overall, the ensemble-averaged free-surface data highlighted the abrupt increase in water level 
associated with the passage of a breaking bore roller, and a significant upward free-surface 
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curvature with an undular bore, followed by a train of secondary undulations. After the breaking 
roller, the free-surface increased very gradually. For the data at x = 8.5 m seen in Figures 4-1A and 
4-1B, the rate of increase in free-surface elevation was on average (d/t)/(g×d1)1/2 ~ 10-3 after the 
bore. The free-surface fluctuations were quantified in terms of the difference between the third and 
first quartiles d75-d25. For all the experimental conditions, the results showed a sharp increase in 
free-surface fluctuations with the propagation of a tidal bore. The propagation of a breaking bore 
was typically associated with higher maximum free-surface fluctuations, which were caused by the 
highly turbulent breaking roller (Fig. 4-1). With breaking tidal bores, the free-surface fluctuations 
showed a marked maximum (d75-d25)max shortly after the passage of the bore breaking roller (Figure 
4-1). With undular tidal bores, the first local maximum free-surface fluctuation occurred shortly 
after the passage of the first wave crest, followed by a series of local maximum fluctuations 
appearing in a quasi-periodic manner during the secondary wave motion (Fig. 4-2). The time-
variations of free-surface fluctuations in undular bores oscillated approximately in phase with the 
oscillations of the free-surface elevation. 
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(A) Q = 0.101 m3/s, Fr1 = 1.5  
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(B) Q = 0.055 m3/s, Fr1 = 1.5 
Fig. 4-1 - Ensemble-averaged time variations of the median free-surface elevations and free-surface 
fluctuations at different longitudinal locations for a breaking bore Fr1 = 1.5 
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(A) Q = 0.101 m3/s, Fr1 = 1.2 
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(B) Q = 0.055 m3/s, Fr1 = 1.2 
Fig. 4-2 - Ensemble-averaged time variations of the median free-surface elevations and free-surface 
fluctuations at different longitudinal locations for an undular bore Fr1 = 1.2 
 
The maximum free-surface fluctuation (d75-d25)max of breaking bores, the first maximum free-
surface fluctuation (d75-d25)max of undular bores and the time lag ∆t between the maximum 
fluctuation and bore front passage were analysed for all flow conditions. Herein the time of the bore 
front passage was defined as the instant at which the free-surface elevation started to rise. 
Mathematically this corresponded to the time when the first derivative of the free-surface variation 
with respect to time was non-zero and positive. Figure 4-3 presents the experimental results as 
functions of longitudinal distance from the gate, where xgate is the position of the Tainter gate. The 
data showed that the maximum free-surface fluctuation increased first with increasing distance from 
the gate, before decreasing at about (xgate-x)/xgate  0.2 as the bore propagated further upstream. The 
time lag ∆t increased rapidly with increasing distance from the gate and tended to reach a plateau 
∆t/(g/d1)0.5  5 at about (xgate-x)/xgate  0.1, before gradually increasing with increasing distance for 
(xgate-x)/xgate > 0.4. Importantly the largest maximum free-surface fluctuations were observed for 
the breaking bore with the highest Froude number (Fr1 = 2.2) at almost all longitudinal locations. 
The dimensionless time lag tended to be more significant for the smaller water discharge (Q = 0.055 
m3/s). Possible scale effects are discussed in Section 7. 
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(A, Left) Maximum instantaneous free-surface fluctuations (d75-d25)max 
(B, Right) Time lag Δt between the maximum fluctuation and bore front passage 
Fig. 4-3 - Maximum instantaneous free-surface fluctuations (d75-d25)max and time lag between the 
maximum fluctuation and bore front passage as functions of the distance travelled by the bore 
 
4.2 UNSTEADY FREE-SURFACE ANALYSIS 
The unsteady free-surface properties of tidal bores were analysed based upon the instantaneous 
free-surface measurements data. The results were compared to theoretical developments and past 
experimental studies of tidal bores (field and laboratory) and stationary hydraulic jumps. The key 
features of the bore front included the maximum water depth dmax and conjugate water depth d2 for 
both breaking and undular bores (Fig. 4-4). For breaking bores, the roller length Lr, height and 
length of the rise in free-surface immediately upstream of the breaking roller toe hs and ls were 
specifically studied, as well as the length Ls over which the free-surface rose immediately upstream 
of the breaking roller toe, and the distance Lmax between the roller toe and the highest roller surface 
elevation. The wave amplitude aw and wave length Lw were studied for undular bores. The 
definition sketch of these parameters is presented in Figure 4-4. The full data are reported in tabular 
form in Tables 4-2 and 4-3, as well as in Appendix D. 
The dimensionless conjugate water depth d2/d1 may be expressed as a function of the Froude 
number Fr1, as shown in Equation (1-2) for a smooth horizontal rectangular channel. For a sloping 
channel (bed slope So), the application of the continuity and momentum principle yields to a 
modified solution: 
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where d1 is the upstream flow depth, Fr1 is the bore Froude number (Eq. (1-1)) and ε is a 
dimensionless coefficient defined in terms of the bed slope So = sin as: 
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with Weight being the weight force, W the channel width, ρ the water density and g the 
gravitational acceleration (CHANSON 2013, LENG and CHANSON 2015b). Equations (1-2) and 
(4-1) are compared to experimental observations in Figure 4-5. Figure 4-5 presents the 
dimensionless conjugate water depth as a function of the Froude number Fr1. All the data are 
presented with coloured symbols, including both breaking and undular bores analysed from video 
and ADM data (instantaneous and ensemble-averaged). Both video and ADM data showed a 
monotonic increase in conjugate depth ratio with increasing Froude number. The present data were 
compared to previous experimental works, as well as theoretical results for zero and non-zero 
slopes (Eq. (1-2) & (4-1) respectively). Overall the experimental data with a horizontal bed slope 
showed a good fit with Equation (1-2). For 1.6 < Fr1 < 2.4, the present data deviated from Equation 
(1-2) because of the non-horizontal bed setup; these data matched well Equation (4-1). The present 
data also compared well with previous experimental results. 
 
 
(A) Breaking bore 
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(B) Undular bore 
Fig. 4-4 - Definition sketch of tidal bores propagating upstream (bore propagation from right to left) 
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Fig. 4-5 - Dimensionless conjugate depth as a function of bore Froude number Fr1 - Present data in 
coloured symbols include both video and ADM data for breaking and undular bores - Comparison 
with the momentum principle, laboratory studies (FAVRE 1935, BENET and CUNGE 1971, 
KOCH and CHANSON 2009, CHANSON 2010a,2010b, DOCHERTY and CHANSON 2012, 
KHEZRI and CHANSON 2012a) and field works (BENET and CUNGE 1971) 
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In a breaking bore with Fr1 < 2, the free-surface ahead of the roller toe was curved upwards as 
sketched in Figure 4-4A and illustrated in Figure 3-1. The upward curvature may be derived from 
theoretical considerations, namely the integral balance of linear momentum in both horizontal and 
vertical directions, and of angular momentum (VALIANI 1997) and it was previously observed 
experimentally (HORNUNG et al. 1995, KOCH and CHANSON 2009). The longitudinal length 
and vertical height of this smooth curved surface are presented in Figure 4-6 as functions of the 
Froude number Fr1. The data include both instantaneous and ensemble-averaged measurements. 
Overall the vertical height hs of the roller toe above the initial water surface was best correlated by: 
 211
1
s Fr19.0Fr83.001.1
d
h   1.2 < Fr1 < 2.2  (4-3) 
Equation (4-3) is presented in Figure 4-6A, where it is compared with the present data as well as 
earlier experimental results. Altogether the observations indicated that both hs and ls decreased with 
increasing Froude number, tending to zero for Fr1 > 2. 
For breaking tidal bores, the length Lr of the roller was defined as the distance between the roller 
toe and the end of the breaking roller, where the water depth reached the conjugate depth d2 (Fig. 4-
4A). The dimensionless roller length data are plotted as a function of the bore Froude number in 
Figure 4-7 and the present data are compared with past studies of stationary hydraulic jumps. The 
present data sets included both instantaneous and ensemble-averaged measurements. Figure 4-7 
shows that, although the majority of Froude numbers tested herein were lower than those in 
stationary jump experiments, the present results with Fr1 > 2 matched closely stationary hydraulic 
jump data. Furthermore the present data showed a consistent decrease of roller length with 
decreasing Fr1, extending the existing correlative trend developed for stationary hydraulic jumps. 
For an undular bore, two basic properties are the secondary wave amplitude and wave length, aw 
and Lw respectively (Fig. 4-4B). Figures 4-8 and 4-9 show respectively the dimensionless wave 
amplitude and wave length as functions of Froude number. The present data are compared to 
previous experimental data, a cnoidal wave solution (ANDERSEN 1978) and the linear wave theory 
of LEMOINE (1948). The former solution was based upon the Boussinesq equation and the 
asymptotical results for a rectangular channel are (BENJAMIN and LIGHTHILL 1954): 
 

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(A, Left) Height hs of upward curved free-surface in front of the breaking bore roller toe 
(B, Right) Length Ls of upward curved free-surface in front of the breaking bore roller toe 
Fig. 4-6 - Height hs and length Ls of upward curved free-surface in front of the breaking bore roller 
toe as functions of bore Froude number Fr1 for breaking bores - Comparison with laboratory studies 
(KOCH and CHANSON 2009, CHANSON 2010b, DOCHERTY and CHANSON 2012) 
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Figure 4-7 - Dimensionless roller length as a function of bore Froude number Fr1 for breaking bores 
- Comparison with past studies of stationary hydraulic jumps (KUCUKALI and CHANSON 2007, 
MURZYN et al. 2007, MURZYN and CHANSON 2009, RICHARD and GAVRILYUK 2013, 
WANG et al. 2014, WANG and CHANSON 2015) 
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Fig. 4-8 - Dimensionless wave amplitude as a function of Froude number Fr1 for undular bores - 
Comparison with theory (LEMOINE 1948, ANDERSEN 1978), laboratory studies (FAVRE 1935, 
BENET and CUNGE 1971, TRESKE 1994, KOCH and CHANSON 2009, CHANSON 2010b, 
GUALTIERI and CHANSON 2011, DOCHERTY and CHANSON 2012) and field works 
(WOLANSKI et al. 2004 [Daly River], CHANSON et al. 2011 [Garonne River], FURGEROT et al. 
2013 [Sée River], REUNGOAT et al. 2014 [Garonne River]) - Present data in red, past field data in 
blue and past laboratory data in black 
 
The present data were analysed in terms of both instantaneous and ensemble-averaged 
measurements. Overall the results followed closely previous studies, with an increase in wave 
amplitude and monotonic decrease in wave length with increasing Froude number for Fr1 < 1.3. 
In Figure 4-8 and 4-9, the field data are presented in dimensionless terms using the 
characteristic length scale A1/B1. For an irregular channel cross-section, the ratio of initial cross-
sectional flow area to channel width A1/B1 is the equivalent water depth (HENDERSON 1966, 
CHANSON 2012). 
Detailed quantitative data in terms of free-surface characteristics are summarised in a tabular 
form in Tables 4-2 and 4-3. 
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Fig. 4-9 - Dimensionless wave length as a function of bore Froude number Fr1 for undular bores - 
Comparison with theory (BOUSSINESQ 1871), laboratory studies (KOCH and CHANSON 2009, 
CHANSON 2010b, GUALTIERI and CHANSON 2011, DOCHERTY and CHANSON 2012, 
KHEZRI and CHANSON 2012a) and field work (WOLANSKI et al. 2004 [Daly River], 
CHANSON et al. 2011 [Garonne River], FURGEROT et al. 2013 [Sée River], REUNGOAT et al. 
2014 [Garonne River]) - Present data in red, past field data in blue and past laboratory data in black 
 
31 
Table 4-2 - Breaking tidal bore free-surface properties (Present study) 
 
So Q 
(m3/s) 
Radial 
gate 
opening 
(m) 
h (m) Fr1 d1 (m) dmax/d1 d2/d1 hs/d1 Ls/d1 Lr/d1 
0 0.101 N/A 0 1.6 0.172 1.920 1.744 0.132 0.881 1.612 
0 0.101 N/A 0.071 1.2 0.173 1.561 1.445 0.279 2.168 0.963 
0 0.071 N/A 0 1.5 0.140 1.766 1.630 0.181 1.277 1.087 
0 0.071 N/A 0.017 1.4 0.140 1.544 1.610 0.164 1.478 0.986 
0 0.071 N/A 0.031 1.4 0.140 1.717 1.561 0.312 1.821 1.040 
0.0025 0.101 N/A 0 1.6 0.143 0.853 0.830 0.023 0.149 0.979 
0.005 0.101 N/A 0 2.1 0.105 2.330 2.593 0.088 0.593 4.176 
0.005 0.101 N/A 0.071 1.8 0.105 2.167 1.905 0.095 0.833 2.143 
0.005 0.085 N/A 0 2.0 0.098 2.308 2.237 0.212 0.942 1.648 
0.005 0.085 N/A 0.071 1.6 0.098 1.828 1.805 0.114 1.142 2.056 
0.005 0.071 N/A 0 2.0 0.085 1.964 2.148 0.000 0.000 3.683 
0.005 0.071 N/A 0.071 1.6 0.085 1.891 1.765 0.151 2.395 1.513 
0.005 0.055 N/A 0 2.0 0.072 2.114 2.083 0.151 1.812 3.321 
0.005 0.055 N/A 0.051 1.6 0.072 1.790 1.995 0.264 3.815 3.815 
0.0075 0.101 N/A 0 2.3 0.096 2.909 2.404 0.000 0.000 5.649 
0.0075 0.101 N/A 0.071 1.9 0.096 2.718 1.905 0.000 0.000 1.270 
0.0075 0.085 N/A  2.3 0.086 2.595 2.422 0.086 0.865 3.027 
0.0075 0.085 N/A 0.071 1.9 0.086 2.233 2.037 0.140 1.395 3.209 
0.0075 0.071 N/A 0 2.2 0.075 2.738 2.462 0.154 2.462 5.231 
0.0075 0.071 N/A 0.051 1.9 0.075 2.030 1.970 0.182 1.970 2.424 
0.0075 0.055 N/A 0 2.3 0.063 2.781 2.248 0.114 2.286 5.448 
0.0075 0.055 N/A 0.031 2.0 0.063 2.277 2.195 0.207 3.727 5.383 
0.0075 0.101 N/A 0 2.2 0.099 2.919 2.798 0.056 0.561 3.648 
0.0005 0.055 N/A 0.051 1.5 0.074 2.216 1.946 0.081 1.465 4.315 
0 0.101 N/A 0 1.5 0.175 1.697 1.691 0.160 0.800 1.200 
 
Notes: Both instantaneous and ensemble-averaged data analyses are included; Greyed data: 
ensemble-averaged data. 
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Table 4-3 - Undular bore free-surface properties (Present study) 
 
So Q (m3/s) Radial 
gate 
opening 
(m) 
h (m) Fr1 d1 (m) dmax/d1 d2/d1 aw/d1 Lw/d1 
0 0.101 N/A 0.105 1.2 0.173 1.405 1.237 0.165 7.905 
0 0.101 0.125 0.105 1.1 0.200 1.340 1.175 0.160 9.522 
0 0.101 0.125 0.071 1.2 0.200 1.555 1.298 0.265 7.407 
0 0.085 N/A 0.105 1.1 0.160 1.331 1.194 0.138 8.201 
0 0.085 0.103 0.071 1.2 0.188 1.537 1.277 0.242 9.330 
0 0.085 0.103 0.105 1.1 0.188 1.231 1.105 0.098 11.029 
0 0.071 N/A 0.051 1.3 0.140 1.614 1.502 0.225 6.121 
0 0.071 N/A 0.071 1.2 0.140 1.536 1.359 0.246 6.647 
0 0.071 0.075 0.105 1.1 0.190 1.199 1.164 0.063 13.437 
0 0.071 0.075 0.071 1.2 0.190 1.391 1.175 0.139 10.926 
0 0.071 0.075 0.051 1.2 0.190 1.446 1.252 0.200 9.568 
0 0.071 0.075 0.031 1.2 0.193 1.554 1.321 0.272 8.497 
0 0.055 0.052 0.105 1.1 0.193 1.137 1.119 0.039 16.109 
0 0.055 0.052 0.071 1.1 0.193 1.220 1.177 0.075 11.368 
0 0.055 0.052 0.051 1.1 0.193 1.343 1.199 0.106 10.933 
0 0.055 0.052 0.031 1.2 0.193 1.399 1.244 0.161 8.756 
0 0.055 0.052 0.017 1.3 0.193 1.431 1.245 0.212 8.762 
0 0.055 0.052 0 1.3 0.193 1.607 1.360 0.269 7.684 
0 0.101 0.125 0.071 1.2 0.205 1.568 1.317 0.243 7.904 
0 0.055 0.051 0.017 1.2 0.196 1.508 1.296 0.186 8.125 
 
Notes: Both instantaneous and ensemble-averaged data analyses are included; Greyed data: 
ensemble-averaged data. 
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5. UNSTEADY VELOCITY MEASUREMENTS 
5.1 PRESENTATION 
Instantaneous velocity measurements were conducted at x = 8.5 m using an acoustic Doppler 
velocimenter (ADV) NortekTM Vectrino+ (Serial No. VNO 0436) equipped with a three-
dimensional side-looking head, capable of recording simultaneously the longitudinal, transverse and 
vertical velocity components Vx, Vy and Vz. Herein Vx is positive downstream, Vy is positive 
towards the left sidewall and Vz is positive upwards. Both breaking and undular bores were tested, 
with Fr1 = 2.2 and 1.5 for breaking bores, and Fr1 = 1.2 for undular bores. Two initial discharge Q = 
0.101 and 0.055 m3/s were used for tidal bores with Fr1 = 1.2 and 1.5 (Table 5-1). For each set of 
flow conditions, the measurements were conducted at 10 to 13 vertical elevations z throughout the 
water column. The ADV unit was sampled simultaneously with the acoustic displacement meters 
(ADMs), all working at 200 Hz, and the measurements were taken on the channel centreline. The 
experimental conditions were tabulated in Table 5-1. 
 
Table 5-1 - Experimental flow conditions for instantaneous velocity measurements 
Date So Q 
(m3/s)
Radial 
gate 
opening 
(m) 
d1 
(m) 
U 
(m/s)
Fr1 h 
(m) 
z/d1 Bore type Instrumentation
17/09/14 0 0.101 N/A 0.18 1.14 1.5 0 0.003-1 Breaking ADV & ADMs.
18/09/14 0 0.101 0.125 0.20 1.00 1.2 0.071 0.003-1 Undular ADV & ADMs.
19/09/14 0 0.055 0.051 0.20 1.25 1.2 0.017 0.003-1 Undular ADV & ADMs.
25/09/14 0.005 0.055 N/A 0.07 0.25 1.5 0.051 0.003-0.83 Breaking ADV & ADMs.
26/09/14 0.0075 0.101 N/A 0.10 0.66 2.3 0 0.003-0.83 Breaking ADV & ADMs.
 
Figures 5-1A and 5-1B show typical time variations of the instantaneous velocity components Vx, 
Vy and Vz for a breaking bore (Fr1 = 1.5) with two different discharges Q = 0.101 and 0.055 m3/s 
about mid-water column (z/d1 = 0.4). Figure 5-1C presents the time-variation of instantaneous 
velocity components for an undular bore, measured at the same vertical elevation (z/d1 = 0.4). The 
time variation of the free-surface elevation at the velocity sampling point (x = 8.5 m) is also 
presented on each graph, highlighted by the black solid line. The complete data set of the 
instantaneous velocity measurements is presented in Appendix E. 
For breaking tidal bores, all data showed a sharp rise in water level associated with an abrupt 
decrease in longitudinal velocity at the arrival of the roller and passage of the roller toe. The 
transverse velocity showed some large fluctuations around zero during the roller passage. The 
vertical velocity component showed an initial acceleration, which was more significant at higher 
vertical elevations, particularly close to the free-surface. For undular bores, the longitudinal velocity 
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decelerated following the passage of the first wave crest and then oscillated about a mean value in a 
quasi-periodic manner. The period of Vx oscillation corresponded to the free-surface undulation 
period, but the oscillations in longitudinal velocity were out of phase in comparison to the 
undulation of the free-surface (Fig. 5-1C). The transverse and vertical velocity data also showed 
quasi-periodic oscillations following the undulations of the free-surface. Next to the free-surface, 
the data indicated a sharp increase in vertical velocity magnitudes. 
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(A) Q= 0.101 m3/s, Fr1 = 1.5 
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(B) Q = 0.055 m3/s, Fr1 = 1.5 
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(C) Q = 0.055 m3/s, Fr1 = 1.2 
Fig. 5-1 - Time-variations of instantaneous variations of longitudinal, transverse and vertical 
velocity component at z/d1 = 0.4 for several flow conditions 
 
5.2 ENSEMBLE-AVERAGED VELOCITY MEASUREMENTS 
The propagation of tidal bores was a highly turbulent and unsteady process. A time average was 
physically meaningless to study the turbulent velocity characteristics. Herein a series of ensemble-
averaged velocity measurements were conducted at x = 8.5 m for two different discharges, namely 
Q = 0.101m3/s and 0.055m3/s. Both breaking and undular bores were generated for each discharge 
Q and identical bore Froude numbers Fr1 were achieved for the same type of bore (Table 5-2). The 
measurements were conducted systematically at three vertical elevations z/d1 = 0.1, 0.4, and 0.8, 
where d1 is the initial steady flow water depth. The detailed experimental conditions are 
summarised in Table 5-2. For each set of flow conditions, the experiments were repeated 25 times 
and the results were ensemble-averaged following CHANSON and DOCHERTY (2012). The 
results yielded the median flow velocity and the difference between third and first quartiles of the 
velocity data (V75-V25) for the longitudinal, transverse and vertical components. The complete data 
sets of the ensemble-averaged velocity measurements were presented in Appendix F. Figures 5-2 
and 5-3 show typical ensemble-averaged velocity data for both breaking and undular bores, with the 
ensemble-averaged median water depth at the velocity sampling location as reference, highlighted 
by the black solid line. At the highest elevations, the ADV receivers corresponding to the vertical 
component were out of water prior to the arrival of the bore; thus the vertical velocity data were 
ignored before the bore arrival because the signal was meaningless. 
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Table 5-2 - Experimental flow conditions for the ensemble-averaged velocity measurements 
 
Date So Q 
(m3/s) 
Radial 
gate 
opening 
(m) 
d1 
(m) 
U 
(m/s) 
Fr1 h 
(m) 
Bore type z/d1 Instrumentation
1/10/2014 0.1 ADMs & ADV.
2/10/2014 0.4 ADMs & ADV.
3/10/2014 
0.0075 0.101 N/A 0.10 0.71 2.2 0 Breaking 
0.8 ADMs & ADV.
7/10/2014 0.1 ADMs & ADV.
8/10/2014 0.4 ADMs & ADV.
9/10/2014 
0.0005 0.055 N/A 0.07 0.26 1.5 0.051 Breaking 
0.8 ADMs & ADV.
13/10/2014 0.1 ADMs & ADV.
14/10/2014 0.4 ADMs & ADV.
15/10/2014 
0 0.101 N/A 0.18 1.13 1.5 0 Breaking 
0.8 ADMs & ADV.
16/10/2014 0.1 ADMs & ADV.
17/10/2014 0.4 ADMs & ADV.
20/10/2014 
0 0.101 0.125 0.21 1.00 1.2 0.071 Undular 
0.8 ADMs & ADV.
22/10/2014 0.1 ADMs & ADV.
23/10/2014 0.4 ADMs & ADV.
24/10/2014 
0 0.055 0.051 0.20 1.27 1.2 0.017 Undular 
0.8 ADMs & ADV.
 
For the range of investigated flow conditions (Table 5-2), the data showed a marked deceleration of 
the longitudinal velocity component Vx during the bore passage. This was associated with a large 
acceleration followed by deceleration of the vertical velocity component Vz at all elevations, 
regardless of the bore type. After the passage of a breaking bore, the longitudinal velocity (after the 
deceleration phase) was almost constant with some fluctuations (Fig. 5-2A). Breaking bores were 
further associated with a transient recirculation next to the bed, after the rapid deceleration. This 
unsteady flow feature indicated a transient flow reversal immediately after the passage of the bore 
and was previously reported in laboratory and in the field (CHANSON 2010b, CHANSON and TOI 
2015). The mean value of the transverse velocity Vy was zero in the initial steady flow. During the 
passage of a breaking bore, the transverse velocity showed large fluctuations around zero, before 
becoming almost nil with small fluctuations after the complete passage of the roller region. The 
vertical velocity showed a sharp increase as the free-surface rose up, before some deceleration at the 
inflection point of the free-surface curvature. This pattern was most significant at the higher vertical 
elevation close to the free-surface and it was directly linked to the streamline and free-surface 
curvature ahead of the roller. With the passage of an undular bore, the longitudinal, transverse and 
vertical velocity components showed a quasi-periodic oscillatory pattern associated with the 
propagation of the first wave crest and secondary undulations. The maximum velocity amplitude 
tended to occur simultaneously with the free-surface troughs, implying some out-of-phase 
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oscillation (Fig. 5-3A). 
The turbulent velocity fluctuations were characterised in terms of the difference between the third 
and first quartile V75-V25 of the total ensemble. For a Gaussian distribution of an ensemble around 
its mean, V75-V25 would equal 1.3 times the standard deviation (SPIEGEL 1972). Overall the 
present results highlighted a drastic increase in fluctuations for all three velocity components at all 
elevations associated with the passage of a tidal bore. At the lowest vertical elevation (z/d1 = 0.1), 
larger velocity fluctuations were observed. The vertical velocity fluctuations were overall higher 
than the other two components for the same flow condition, most remarkably in the upper water 
column (z/d1 = 0.8). In breaking bores, marked peaks in the three velocity component fluctuations, 
(Vx,75-Vx,25)max, (Vy,75-Vy,25)max and (Vz,75-Vz,25)max, occurred slightly after the passage of the bore 
roller, whereas, in undular bores, local maxima appeared repetitively following the train of 
undulations. The maximum velocity fluctuations (Vx,75-Vx,25)max, (Vy,75-Vy,25)max and (Vz,75-Vz,25)max 
in a breaking bore with Froude number Fr1=1.5 at a number of vertical elevations are presented in 
Figure 5-4A. The corresponding time lag ∆tV between the maximum fluctuation and the bore arrival 
time is shown in Figure 5-4B as a function of the vertical elevation. More detailed results are 
presented in Appendix F for all flow conditions. The time lag ∆tV was consistently larger than the 
time lag t for maximum free-surface fluctuations (see section 6.2). The results indicated that the 
vertical velocity component was typically associated with the largest magnitude in maximum 
velocity fluctuations, and most significant difference in peak fluctuations between the lower and 
upper water column, the largest velocity fluctuations being recorded in the upper water column. On 
the other hand, the maximum longitudinal velocity fluctuations were larger next to the bed. All 
velocity components showed some increase in time lag ΔtV with increasing distance from the bed. 
With the experimental flow conditions (Table 5-2), breaking bores at higher Froude numbers tended 
to have higher peak fluctuations than undular bores and even breaking bores with lower Froude 
numbers. Lastly the upper water column was associated with a broader scatter of time lag in 
comparison to the mid and lower water column. 
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(A) Longitudinal velocity component 
t(g/d1)1/2
d/
d 1
V
/V
1, 
V
/V
1
0 40 80 120 160 200 240
0.5 0
0.75 0.08
1 0.16
1.25 0.24
1.5 0.32
1.75 0.4
2 0.48
2.25 0.56
2.5 0.64
2.75 0.72
3 0.8
3.25 0.88
3.5 0.96
Depth (x=8.5m)
Vy (z/d1=0.1)
V75-V25 (z/d1=0.1)
Vy (z/d1=0.4)
V75-V25 (z/d1=0.4)
Vy (z/d1=0.8)
V75-V25 (z/d1=0.8)
 
(B) Transverse velocity component 
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(C) Vertical velocity component 
Fig. 5-2 - Time-variations of ensemble-averaged velocity components and velocity fluctuations 
(V75-V25) at different vertical elevations z/d1 for breaking bores - Flow conditions: Q = 0.101 m3/s, 
Fr1 = 2.2 - Velocity data offset by +0.2 for all elevations 
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(A) Longitudinal velocity component 
40 
t(g/d1)1/2
d/
d 1
V
/V
1, 
V
/V
1
0 50 100 140
0 0
0.5 0.2
1 0.4
1.5 0.6
2 0.8
Depth (x=8.5m)
Vy (z/d1=0.1)
V75-V25 (z/d1=0.1)
Vy (z/d1=0.4)
V75-V25 (z/d1=0.4)
Vy (z/d1=0.8)
V75-V25 (z/d1=0.8)
 
(B) Transverse velocity component 
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(C) Vertical velocity component 
Figure 5-3 - Time-variations of ensemble-averaged velocity components and velocity fluctuations 
(V75-V25) at different vertical elevations z/d1 for undular bores - Flow conditions: Q = 0.101 m3/s, 
Fr1 = 1.2 - Velocity data offset by +0.2 for all elevations 
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(A, Left) Maximum velocity fluctuation (V75-V25)max 
(B, Right) Time lag ΔtV 
Fig. 5-4 - Vertical distributions of maximum velocity fluctuation (V75-V25)max after the passage of 
the bore and time lag ΔtV between the maximum velocity fluctuations and the arrival of the bore 
front for Fr1 = 1.5 
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6. TURBULENT REYNOLDS STRESSES 
6.1 PRESENTATION 
In a turbulent flow, the Reynolds stress tensor characterises the transport resulting from the 
turbulent motion induced by velocity fluctuations with a subsequent increase of momentum 
exchange. A turbulent stress tensor component equals the fluid density times the cross-product of 
turbulent velocity fluctuations: i.e., τij = ρ×vi×vj where  is the fluid density, v is the turbulent 
velocity fluctuation and i, j = x, y, z. The turbulent stress τij characterises the shear stress on the area 
dxi×dxj of an elementary control volume (dx, dy, dz). In a rapidly-varied unsteady flow, the velocity 
fluctuation, vi is the deviation between the measured velocity and the ensemble-average 
(BRADSHAW 1971): 
 iii VVv   (6-1) 
where Vi is the instantaneous velocity component measurement and iV  is the instantaneous 
ensemble-median value. Herein the normal Reynolds stresses vxvx, vyvy, vzvz and tangential 
Reynolds stresses vxvy, vyvz, vxvz were calculated based upon the ensemble-averaged velocity data 
(1). Detailed flow conditions were presented in Table 5-2. Figures 6-1 and 6-2 show typical time 
variations of the ensemble-averaged Reynolds stresses, the third quartile of the normal stresses (e.g. 
(vxvx)75) and the difference between the third and first quartiles of the tangential stresses (e.g. 
(vxvy)75-(vxvy)25) for breaking tidal bores (Fr1 = 2.2). In Figure 6-1, the data were collected near the 
bed at z/d1 = 0.1, whereas Figure 6-2 presents data collected close to the initial free-surface (z/d1 = 
0.8). In Figure 6-2C, the normal stress data vzvz were ignored before the bore arrival because the 
corresponding ADV receivers were out of water; these data was meaningless. In each graph, the 
solid black line denoted the ensemble-median free-surface variations. The third quartile of the 
normal stresses and the difference between the third and first quartiles of the tangential stresses 
characterised the shear stress fluctuations in the water column during a tidal bore. The complete 
data set of the Reynolds stresses analysis is presented in Appendix G. 
All the data showed that the propagation of a breaking bore was associated with significant increase 
in both normal and tangential Reynolds stress amplitudes for all vertical elevations within the 
experimental flow conditions (Table 5-2). Maximum stresses were seen in terms of both normal and 
tangential stress tensor components shortly after the passage of the bore roller toe. The third 
quartiles (e.g. (vxvx)75) and the quartile differences (e.g. (vxvy)75-(vxvy)25) were large beneath the 
bore front as seen in Figure 6-1 and 6-2. Both third quartile and quartile difference data exhibited 
distinctive peaks which were in phase with the stress maxima for the corresponding stresses. In 
                                                 
1 See discussion in CHANSON and DOCHERTY (2012). 
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Figures 6-1 and 6-2, both the stress amplitudes and stress quartiles appeared to be larger in the 
upper water column, possibly associated with the highly-fluctuating free-surface and the air-water 
interactions in the breaking roller. 
For an undular bore, the Reynolds stress data showed overall a similar trend to that of a breaking 
bores, but with less pronounced peaks in terms of the normal stress tensors vyvy and vzvz (Fig. 6-3 
and 6-4). The magnitudes of both stresses and stress quartiles were lower in undular bores 
compared to breaking bores for the same discharge. Further the normal stress tensors vxvx and vzvz 
showed fluctuations associated with the passage of the bore front and as well as the secondary 
undulations. The third stress quartile and stress quartile differences data also fluctuated consistently 
with the corresponding stress tensor components beneath the secondary wave motion. At higher 
vertical elevations close to the free-surface, the normal stress tensor vzvz showed a large increase in 
stress magnitude and third quartiles compared to data at elevations close to the bed.  
Within the range of experimental conditions (Table 5-2), the median Reynolds stress data showed 
some massive stress amplitude underneath the tidal bores. The Reynolds stress fluctuations, 
illustrated in terms of the third stress quartiles and stress quartile differences, presented larger 
maxima, as much three times of the maximum median shear stress at all elevations. The data 
indicated that the propagation of tidal bores was associated with high turbulent stresses which had 
large potential in shearing and mixing particles during the early flood tide. 
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(C) 
Fig. 6-1- Time variations of the ensemble-averaged median Reynolds stresses, third quartile of the 
normal stresses and difference between the third and first quartiles of the tangential stresses - Flow 
conditions: Q = 0.101 m3/s, Fr1 = 2.2, z/d1 = 0.1 - Tangential stresses and difference between the 
third and first quartiles of the tangential stresses were offset by +0.1m2/s2 
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(C) 
Fig. 6-2 - Time variations of the ensemble-averaged median Reynolds stresses, third quartile of the 
normal stresses and difference between the third and first quartiles of the tangential stresses - Flow 
conditions: Q = 0.101 m3/s, Fr1 = 2.2, z/d1 = 0.8 - Tangential stresses and difference between the 
third and first quartiles of the tangential stresses were offset by +0.1m2/s2 
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(C) 
Fig. 6-3 - Time variations of the ensemble-averaged median Reynolds stresses, third quartile of the 
normal stresses and difference between the third and first quartiles of the tangential stresses - Flow 
conditions: Q = 0.101 m3/s, Fr1 = 1.2, z/d1 = 0.1 - Tangential stresses and difference between the 
third and first quartiles of the tangential stresses were offset by +0.1m2/s2 
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(C) 
Fig. 6-4 - Time variations of the ensemble-averaged median Reynolds stresses, third quartile of the 
normal stresses and difference between the third and first quartiles of the tangential stresses - Flow 
conditions: Q = 0.101 m3/s, Fr1 = 1.2, z/d1 = 0.8 - Tangential stresses and difference between the 
third and first quartiles of the tangential stresses were offset by +0.1m2/s2 
 
6.2 DELAYED MAXIMUM SHEAR STRESSES 
The present data showed large Reynolds stresses and large fluctuations in Reynolds stresses 
associated with tidal bore propagation for all experimental flow conditions (Section 6.1). Further 
the maximum  Reynolds stresses were observed after the bore toe passage. Such a time lag was 
consistently see in undular and breaking bores. Herein the maximum ensemble-averaged Reynolds 
stresses associated with the propagation of a tidal bore and their time of occurrence relative to the 
bore passage were analysed (Table 6-1). The maximum ensemble-median stress components 
(vivj)max and the corresponding time lag ΔT, standing for the time difference between the maximum 
stress occurrence and the arrival of bore front, were calculated and summarised in Table 6-1. In this 
study, the arrival time of the bore front was defined as the instance at which the water level at the 
velocity sampling point started to rise. Figure 6-5 provides an example, with the vertical straight 
black line highlighting the bore arrival time. The first peaks in normal stresses (vxvx)median and 
(vzvz)median were seen shortly after this arrival time (Fig. 6-5) and corresponded to the instance when 
the first derivative of the free-surface elevation with respect to time started to be non-zero. But the 
main peak in median shear stresses was always delayed after the bore arrival as illustrated in Figure 
6-5. 
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Altogether the tabulated data showed that large magnitudes of maximum normal stresses were 
typically associated with elevations near the channel bed, especially for vxvx and vzvz, in both 
breaking and undular bores for all experimental conditions (Table 6-1). The time lag ΔT between 
the maximum normal stress (vxvx)max and the arrival of bore front increased with increasing vertical 
elevation. On the other hand, the normal stress vzvz showed a marked increase in maximum stress 
level with increasing vertical elevation towards the free-surface, whereas the time lag ΔT between 
(vzvz)max and the arrival of bore front decreased with increasing vertical elevation, most 
significantly in breaking bores. The normal stress vyvy was overall smaller than the other normal 
stress components for the same flow conditions. The undular tidal bores were typically associated 
with smaller magnitudes in maximum Reynolds stresses for all components, but for vzvz. In Table 
6-1, data with no obvious stress maxima are marked by N/A. 
The time lag ΔT between the maximum Reynolds stresses and the arrival of the bore front was 
compared to Δt, the time lag between the occurrence of the maximum free-surface elevation and the 
arrival of the bore front. Overall, for the same flow condition and vertical elevation, the Reynolds 
stress tensors in all directions exhibited peak stress levels slightly after the time when the maximum 
free-surface fluctuation occurred: i.e., T > t. Figure 6-5 presents a typical example for a 
comparison between the two time lags ΔT and Δt. For all flow conditions and all Reynolds stress 
components, the ratio ΔT/Δt ranged from 0.45 to 6.18, with a mean value of 2.2. The data are 
regrouped in Figure 6-6A, where the ratio ΔT/Δt is plotted as a function of the bore Froude number 
for tensor stress components. Altogether the median data were best correlated by: 
 )73.0Fr(2.2
t
T
1 
  for 1.2 < Fr1 < 2.2  (6-2) 
Equation (6-2) is compared with the experimental data in Figure 6-6A. For comparison, the time lag 
ΔT for maximum Reynolds stresses was found to be comparable to the time lag tV for maximum 
velocity fluctuations, within the investigated flow conditions (Table 5-2). Present data suggested 
that the maximum Reynolds stresses occurred slightly after the occurrence of maximum velocity 
fluctuations. On average, the ratio ΔtV/ΔT was typically 
 9.0
T
t V 
  for 1.2 < Fr1 < 2.2  (6-3) 
with most data within 0.6 to 1.2, as shown in Figure 6-6B. 
The present results indicated that the maximum Reynolds stresses commonly occurred after the 
maximum free-surface fluctuations, and that the increase in Reynolds stress might be linked to and 
caused by the large free-surface fluctuations associated with the bore passage. 
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Fig. 6-5 - Comparison between the time of occurrence of the maximum median Reynolds stresses 
and the time of occurrence of the maximum free-surface fluctuation - Flow conditions: Q = 0.101 
m3/s, Fr1 = 2.2, z/d1 = 0.1, Breaking bore 
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(A) Ratio T/t between the delay in time of maximum Reynolds stresses ΔT and the delay in time 
of maximum free-surface fluctuations Δt - Comparison with Equation (6-2) 
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(B) Ratio tV/T between the delay in time of maximum velocity fluctuations ΔtV and the delay in 
time of maximum Reynolds stresses ΔT 
Fig. 6-6 - Comparison between the time lags for maximum free-surface fluctuations t, maximum 
velocity fluctuations tV and maximum Reynolds stresses T in tidal bores - All ensemble-average 
data incl. undular and breaking bores 
 
The probability density functions of all instantaneous Reynolds stress data were analysed over a 
small time span (within 3 s) during, before and after the bore passage for selected flow conditions. 
The time span selected during the bore passage started immediately before the free-surface rise and 
ended shortly after the maximum free-surface elevation was reached. Figures 6-7 and 6-8 present 
some typical results for the normalised probability distribution function (PDF) of normal and 
tangential stresses; the data are presented in a dimensional form. In each figure, the caption and 
legend provide information on flow conditions and time span; each data point represents the 
probability of cross-product vi×vj in 0.01 m2/s2 intervals. For example, the probability of shear 
stress from 0.01 to 0.02 m2/s2 is represented by the data point labelled 0.01. 
Within the experimental flow conditions (Table 5-2), all normal Reynolds stress tensors showed the 
same type of PDF, as illustrated in Figure 6-7. That is, the shear stress PDFs were skewed to the left 
with a single mode, with a preponderance of small shear stress amplitude relative to the mean. The 
tangential stress tensors showed a single-mode bell-shaped distribution, with mean value typically 
about zero as shown in Figure 6-8. For the three selected time spans, the normal Reynolds stresses 
vi2 exhibited a mode between 0 to 0.05 m2/s2, corresponding to median shear stresses from 0 to 50 
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Pa, assuming the water density of 998.2 kg/m3. However a few instances of large normal stresses 
were observed, in excess of 1 m2/s2, before, during and after the bore passage. The tangential 
stresses vivj were mostly distributed between -0.05 to 0.05 m2/s2. Note that the magnitude of the 
maximum normal stresses was two times greater than that of the tangential stresses. 
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(A) Full data set 
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(B) Detailed histograms 
Fig. 6-7 - Probability density functions of normal Reynolds stress tensors vxvx before, during and 
after a breaking bore passage - Flow conditions Q = 0.101 m3/s, Fr1 = 2.2, z/d1 = 0.1, breaking bore, 
about 15,000 points per data set - Vertical axes in logarithmic scale 
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(A) Full data set 
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(B) Detailed histograms 
Fig. 6-8 - Probability density functions of tangential Reynolds stress tensor vxvy before, during and 
after a breaking bore passage - Flow conditions Q = 0.101 m3/s, Fr1 = 2.2, z/d1 = 0.1, breaking bore, 
about 15,000 points per data set - Vertical axes in logarithmic scale 
 
The period during the bore passage was associated with a highest probability of larger normal and 
tangential stress magnitudes, compared to the periods before and after the bore passage. During the 
period immediately after the bore passage (2), the data showed comparatively smaller probability of 
large stress magnitudes (> 50 Pa) in terms of both normal and tangential stresses. 
For fine sand particles, the Shields diagram gives a critical shear stress for sediment motion of 0.1 
                                                 
2 That is, the very early flood tide. 
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to 0.5 Pa (GRAF 1971, CHANSON 2004). In natural channels with cohesive sediments, field 
observations indicated a critical shear stress for sediment erosion between 0.1 Pa and 10 Pa 
(SANCHEZ and LEVACHER 2008, JACOBS et al. 2011). Herein the measured instantaneous 
stress levels were one to two orders of magnitude larger than the critical threshold for sediment 
motion of both cohesive and non-cohesive materials. The results indicated that the bore propagation 
can scour a mobile bed. Once the fluid shear stress exceeds the local strength of the bed, surface 
erosion occurs initially, in the form of stripping and aggregate fragmentation (POUV et al. 2014), 
followed after some time by mass erosion (AMOS et al. 1992, WINTERWERP and VAN 
KESTEREN 2004). The same erosion processes were likely observed in the tidal bore of the 
Garonne River (France), with observations of sediment upwelling and sediment flocs bursting at the 
free-surface during the early flood tide (CHANSON et al. 2011, KEEVIL et al. 2015), as well as 
with observations of fold-shaped and 'tobacco·pouch'-shaped scour forms, cusps and depressions 
observed in the sediment bed in France and Canada (TESSIER and TERWINDT 1994, FAAS 
1995). 
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Table 6-1 - Maximum Reynolds stresses and time lag ΔT between the occurrences of the maximum stress and bore front arrival (Present study) 
 
 
Notes: Italic data: unusual although likely meaningful data; Bold Italic data: suspicious data. 
So Q 
(m3/s)
d1 
(m) 
Fr1 z/d1 Bore type (vxvx)max
(m2/s2) 
Time 
lag 
ΔTxx 
(s) 
(vxvy)max
(m2/s2) 
Time 
lag 
ΔTxy 
(s) 
(vyvy)max
(m2/s2) 
Time 
lag 
ΔTyy 
(s) 
(vyvz)max
(m2/s2) 
Time 
lag 
ΔTyz 
(s) 
(vzvz)max
(m2/s2) 
Time 
lag 
ΔTzz 
(s) 
(vxvz)max 
(m2/s2) 
Time 
lag 
ΔTxz 
(s) 
0.0075 0.102 0.099 2.2 0.1 Breaking 0.095 1.05 0.039 0.945 0.017 2.60 0.005 3.215 0.057 0.88 0.073 1.03 
0.0075 0.102 0.099 2.2 0.4 Breaking 0.074 1.665 0.033 2.155 0.023 2.465 -0.011 2.44 0.052 1.41 -0.017 1.71 
0.0075 0.102 0.1 2.2 0.8 Breaking 0.077 1.795 0.012 2.015 0.019 2.6 -0.021 1.14 0.543 0.57 0.05 0.565 
0.0005 0.055 0.074 1.5 0.1 Breaking 0.038 1.21 0.007 1.13 0.009 2.09 -0.007 1.46 0.039 1.50 -0.004 1.28 
0.0005 0.055 0.074 1.5 0.4 Breaking 0.026 1.57 0.004 1.44 0.006 3.07 -0.006 1.76 0.024 3.51 -0.011 2.88 
0.0005 0.055 0.074 1.5 0.8 Breaking 0.017 5.36 0.023 5.09 0.004 4.89 -0.01 1.83 0.297 1.31 0.027 1.30 
0 0.101 0.175 1.5 0.1 Breaking 0.011 1.33 -0.001 1.22 N/A N/A N/A N/A 0.013 1.33 -0.006 1.19 
0 0.102 0.181 1.5 0.4 Breaking 0.016 0.52 -0.001 1.21 0.003 1.95 -0.004 1.95 0.011 0.46 -0.005 0.56 
0 0.102 0.175 1.5 0.8 Breaking 0.008 1.43 0.001 1.44 0.003 1.35 0.002 1.35 0.015 1.38 -0.005 1.62 
0 0.102 0.205 1.2 0.1 Undular 0.009 1.025 0.001 1.065 N/A N/A N/A N/A 0.015 1.51 -0.005 0.64 
0 0.102 0.204 1.2 0.4 Undular 0.006 1.495 -0.001 0.35 N/A N/A N/A N/A N/A N/A 0.002 1.48 
0 0.102 0.203 1.2 0.8 Undular 0.006 0.88 -0.001 0.865 N/A N/A -0.001 1.42 0.028 1.82 -0.003 1.19 
0 0.056 0.196 1.2 0.1 Undular 0.007 2.665 N/A N/A N/A N/A N/A N/A N/A N/A -0.003 0.42 
0 0.056 0.197 1.2 0.4 Undular 0.006 0.79 N/A N/A N/A N/A -0.002 1.18 0.103 2.285 N/A N/A 
0 0.056 0.198 1.2 0.8 Undular 0.007 0.925 -0.001 0.955 0.0008 0.925 -0.002 1.565 0.033 2.395 -0.003 0.805 
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7. DISCUSSION: DYNAMIC SIMILARITY AND SCALE EFFECTS IN 
TIDAL BORE MODELLING 
7.1 PRESENTATION 
The analytical and numerical studies of turbulent mixing in tidal bores are difficult considering the 
number of relevant equations and the flow unsteadiness. Computational fluid dynamics (CFD) 
simulations are very demanding in terms of CPU time and computing facilities, not to mention the 
direct numerical simulation (DNS). Current knowledge into tidal bore flows relies heavily upon 
laboratory investigations under controlled flow conditions (HORNUNG et al. 1995, CHANSON 
2005a,2010b, KOCH and CHANSON 2009) (3). This is particularly important for on-going 
developments of numerical models and their validation (CHANSON et al. 2012, KHEZRI 2014, 
SIMON 2014). Despite numerical progresses (FURUYAMA and CHANSON 2010, LUBIN et al. 
2010), recent advances in instrumentation (e.g. particle image velocimetry (PIV), acoustic Doppler 
velocimetry (ADV)) provide new means for successful turbulence measurements (HORNUNG et 
al. 1995, KOCH and CHANSON 2008,2009). 
Laboratory studies are performed with geometrically similar models for which the geometric 
scaling ratio Lscale is defined as the ratio of prototype to model dimensions (4). The model studies of 
tidal bores require the selection of an adequate similitude. In any study of turbulent flows, the 
parameters relevant to dimensional analysis include the fluid properties and physical constants, the 
channel geometry and inflow conditions. Considering a tidal bore propagating in a prismatic 
channel, a simplified dimensional analysis yields: 
 ,P,V,d  =  ...,,,g,k,,B,A,V,d,U,t,z,y,xF s11111   (7-1) 
where d is the instantaneous water depth, V  is the instantaneous velocity vector of components Vx, 
Vy, Vz, respectively the longitudinal, transverse and vertical velocity components at a location (x, y, 
z) and time t, P is the instantaneous pressure,   is the instantaneous Reynolds stress tensor, x is 
the coordinate in the flow direction, y is the horizontal transverse coordinate measured from the 
channel centreline, z is the vertical coordinate measured from channel bed, t is the time, U is the 
surge celerity, d1 is the initial depth, V1 is the initial flow velocity,  is the angle between bed slope 
ad horizontal, ks is the equivalent sand roughness height of the channel bed, A1 is the initial channel 
cross-section area, B1 is the initial free-surface width, g is the gravity acceleration,  and  are the 
water density and dynamic viscosity respectively, and  is the surface tension between air and 
                                                 
3 Herein the focus is on unsteady experiments. CHANSON (2005a) and DONNELLY and CHANSON 
(2005) used a quasi-steady flow analogy to extrapolate stationary undular hydraulic jump results to undular 
tidal bores. 
4 For un-distorted scale models. 
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water. In Equation (7-1), the instantaneous turbulent flow properties at a position (x, y , z) and at a 
time t are expressed as functions of the tidal bore properties, initial flow properties (subscript 1), 
channel geometry and fluid properties. In addition, the biochemical properties of the water solution 
may be considered especially in natural estuarine systems, as well as sediment characteristics. Note 
that brackish nature of the water and the variation with time of its properties might be relevant in 
estuarine bores. 
For a tidal bore, the relevant characteristic length scale is the initial equivalent flow depth A1/B1 and 
the relevant Froude number is the tidal bore Froude number defined in Equation (1-1) (CHANSON 
2012). Equation (7-1) may be rewritten in dimensionless terms: 
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where i,j = x, y, z. In Equation (7-2) right handside, the fifth and sixth terms are the tidal bore 
Froude Fr1 and Reynolds numbers Re respectively, and the tenth term is the Morton number Mo 
which is a function of fluid properties and gravity constant only. 
For a tidal bore in a rectangular prismatic channel, Equation (7-2) may be simplified into: 
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where W is the channel width, 
In hydraulic jumps and tidal bores, a Froude similitude is derived theoretically (HENDERSON 
1966, CHANSON 2012). That is, the model and prototype Froude numbers must be equal. Figures 
1-1, 1-2A and 1-2B illustrate the intense turbulence of a tidal bore in a natural system. The turbulent 
mixing processes are affected by viscous forces implying the needs for a Reynolds similitude. In a 
geometrically similar model, a true dynamic similarity is achieved only if each dimensionless term 
has the same value in both model and prototype. Scale effects may exist when one or more -terms 
have different values between field and laboratory. Practically, for geometrically-similar models, it 
is impossible to satisfy simultaneously all the similarities because of too many relevant parameters 
(Eq. (7-2)). In practice, the laboratory studies are based upon a Froude similitude because of 
theoretical considerations, and a Morton similitude for economical considerations. Few systematic 
studies were conducted to date to assess the scale effects affecting the turbulent mixing in tidal bore 
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flows (see below). 
It is worth noting that the above analysis (Eq. (7-2)) does not account for the physio-chemical 
properties of the water, the sedimentary processes, the air entrainment in the bore roller nor the 
characteristics of the instrumentation. All of these affect the development and the characteristics of 
a tidal bore, including water column stratification, sediment scour and suspension. The size of the 
probe sensor, the sampling rate and possibly other probe characteristics do affect the minimum 
turbulent length and time scales detectable by the instrumentation. For example, in the particular 
case of intrusive ADV probe, the sampling volume may be larger than the smallest vortical 
structures. 
 
7.2 EXPERIMENTAL FINDINGS 
In a natural environment, the tidal bore motion corresponds to Reynolds numbers within 3105 for 
the smaller systems to in excess of 107 for the larger rivers (Table 7-1). Table 7-1 documents a few 
detailed field studies of tidal bores including some seminal velocity measurement campaigns. In 
laboratory, systematic unsteady turbulent measurements in tidal bores are limited to a few 
laboratories studies under well-defined, controlled flow conditions (Table 7-2). In laboratories, the 
flow conditions correspond typically to Reynolds numbers between 103 and 105. Table 7-2 
summarises the experimental flow conditions of systematic investigations of tidal bore flow 
properties, at the local millimetric scale, in geometrically similar models under controlled flow 
conditions to assess the associated scale effects. All studies were conducted based upon a Froude 
similitude, but with different initial and boundary conditions. None of the arrangements reproduced 
the tidal bore motion in a natural estuary, where the initial ebb flow velocity V1 is positive 
downstream and the flood flow velocity V2 behind the bore is typically positive upstream. All 
laboratory studies were conducted with freshwater and the Reynolds number in laboratory channels 
was about one to two orders of magnitude smaller than in most natural estuarine systems. 
Herein the free-surface properties, instantaneous velocity, instantaneous shear stresses and shear 
stress fluctuations were tested systematically for two Froude numbers (Fr1 = 1.5 and 1.2) at two 
different geometric scales. The results are presented in a dimensionless manner consistent with a 
Froude similitude (Eq. (7-2)). All present experiments were conducted with a smooth bed (ks/d1  
0) and the same instrumentation, although it is acknowledged that the relative channel width W/d1 
differed substantially for Fr1 = 1.5 (Table 7-2). The present results were analysed based upon the 
ensemble-averaged data. The maximum free-surface elevation dmax and the conjugate water depth d2 
associated with the bore passage were compared for both breaking and undular bores. For undular 
bores (Fr1 = 1.2), the wave amplitude aw and wave length Lw were compared. For breaking bores (Fr1 
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= 1.5), the bore roller length Lr, the height and length of the rise in free-surface immediately upstream 
of the breaking roller toe, hs and ls respectively, were analysed. Results were presented in Figures 7-1 
and 7-2. The maximum free-surface fluctuation (d75-d25)max at x = 8.5 m (ADV sampling location) 
and the corresponding time delay Δt, defined as the time lag relative to the arrival of the bore, were 
also analysed and the results are shown in Figure 7-3. 
The results indicated little scale effect in terms of the dimensionless maximum and conjugate water 
depths, and the undular bore characteristics, between two Reynolds numbers within the 
experimental flow conditions (Fig. 7-1 and 7-2B). Significant scale effects were observed for the 
breaking bore properties, namely in terms of free-surface rise immediately upstream of the breaking 
roller toe, roller length, maximum free-surface fluctuation and its delay after the bore passage (Fig. 
7-2A and 7-3). For example, an increase in Reynolds number from 9.6×104 to 3.5×105 caused a 
30% decrease in maximum free-surface fluctuations and 60% decrease in time delay Δt (Fig. 7-3). 
 
Table 7-1 - Dimensionless flow conditions of tidal bore studies: field measurements 
 
Reference River / 
Estuary 
Date d1 
(m) 
V1 
(m/s) 
Fr1 Re 
1
1
1
B
A
d  
WOLANSKI et al. (004) Daly 2/07/2003 1.50 0.15 1.04 1.1×107 0.67 
SIMPSON et al. 2004 Dee 6/09/2003 0.72 0.15 1.79 2.4×106 1.25 
CHANSON et al. (2011) Garonne 10/09/2010 1.77 0.33 1.30 6.7×106 1.26 
 Garonne 11/09/2010 1.81 0.30 1.20 6.4×107 1.26 
MOUAZE et al. (2010) Sélune 24/09/2010 0.38 0.86 2.35 4.3×105 2.48 
 Sélune 25/09/2010 0.33 0.59 2.48 2.7×105 3.03 
REUNGOAT et al. (2014) Garonne 7/06/2012 am 2.72 0.68 1.02 9.0×106 1.36 
 Garonne 7/06/2012 pm 2.65 0.59 1.19 1.0×107 1.37 
FURGEROT et al. (2013) Sée 7/05/2012 0.90 0.40 1.39 2.4×106 1.32 
REUNGOAT et al. (2015) Garonne 13/10/2013 2.05 0.26 1.27 6.0×106 1.56 
LENG & CHANSON (2015b) Qiantang 6/09/2013 1 -- 2.1 6.5×106 -- 
CHANSON (Pers. Comm. 
2015) 
Qiantang 12/10/2014 2 to 2.5 -- 2.00 1.6×107 -- 
 
Notes: Italic data: rough estimate; (--): data not available. 
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Table 7-2 - Systematic laboratory investigations of tidal bores at different geometric scales 
 
Reference So Bed type Q 
(m3/s)
d1 
(m) 
V1 
(m/s)
Fr1 Re 
1d
W  
1
s
d
k  
Velocimeter & 
sampling rate 
Tested parameters 
Present study 0 PVC 0.055 0.200 0.39 1.19 3.3×105 3.50 0 ADV, 200 Hz Free-surface, Velocity,  
 0 PVC 0.101 0.210 0.69 1.18 3.5×105 3.33 0  Shear stress, Shear stress 
 0.0005 PVC 0.055 0.075 1.12 1.5 9.6×104 10.0 0  Fluctuations (EA) 
 0 PVC 0.101 0.175 0.80 1.5 3.5×105 3.89 0   
KOCH & CHANSON (2009) 0 PVC 0.040 0.079 1.01 1.42 9.8×104 6.33 0 ADV, 50 Hz Free-surface, Velocity (VITA) 
DOCHERTY & CHANSON 
(2012) 
0 PVC 0.050 0.118 0.85 1.59 2.0×105 4.24 0 ADV, 200 Hz Free-surface, Velocity, Shear 
stress (VITA & EA) 
CHANSON (2010b) 0 PVC 0.058 0.139 0.84 1.49 2.4×105 3.60 0 ADV, 200 Hz Free-surface, Velocity (VITA) 
CHANSON & TOI (2015) 0.0035 PVC 0.025 0.051 0.98 1.77 6.3×104 9.84 0 ADV, 200 Hz Free-surface, Velocity (VITA) 
KOCH & CHANSON (2009) 0 PVC 0.040 0.079 1.01 1.77 1.2×105 6.33 0 ADV, 50 Hz Free-surface, Velocity (VITA) 
SIMON & CHANSON (2013) 0.0077 Gravel 0.036 0.084 0.86 1.33 1.0×105 5.95 0.040 ADV, 200 Hz Free-surface, Velocity, 
   0.055 0.110 1.00 1.35 1.5×105 4.55 0.031  Shear stress (EA) 
 0.0077 Gravel 0.036 0.084 0.86 1.64 1.2×105 5.95 0.040   
   0.055 0.110 1.00 1.64 1.9×105 4.55 0.031   
 
Notes: EA: ensemble-averaging; VITA: variable interval time averaging. 
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Fig. 7-1 - Effect of Reynolds number on dimensionless maximum and conjugate water depths for 
breaking bores of Fr1 = 1.5 (Left) and undular bores of Fr1 = 1.2 (Right) 
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(A, Left) Effect on breaking bore roller length, height and length of free-surface rise immediately 
upstream of the breaking roller toe for breaking bores with Fr1 = 1.5 
(B, Right) Effect on wave amplitude and wave length for undular bores with Fr1 = 1.2 
Fig. 7-2 - Effect of Reynolds number on free-surface properties of undular and breaking bores 
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Fig. 7-3 - Effect of Reynolds number on the maximum free-surface fluctuation (d75-d25)max and its 
time delay Δt for breaking bores with Fr1 = 1.5 
 
Dimensionless turbulent velocity and Reynolds stress characteristics were analysed for different 
Reynolds numbers and the results were systematically compared between bores with the same 
Froude number Fr1. Tested characteristics included the maximum velocity fluctuation (V75-V25)max 
and its delay Δtv, defined as the delay in time relative to the arrival of the bore, the maximum 
longitudinal deceleration (∂Vx/∂t)max during the bore passage, the recirculation velocity Vrecirc at the 
end of the deceleration period for breaking bores only, the maximum ensemble-median Reynolds 
stresses (vivj) max and its lag ΔTij, defined as the delay in time relative to the arrival of the bore. The 
maximum longitudinal deceleration was calculated based upon the ensemble-averaged longitudinal 
velocity data during the deceleration phase. The deceleration data are presented with negative 
values to indicate the physical process. A key feature of breaking bores was the existence of some 
transient recirculation close to the channel bed immediately before the roller (KOCH and 
CHANSON 2009, CHANSON and TOI 2015). Figure 7-4 showed an example of such a 
recirculation transient. The recirculation velocity Vrecirc was defined herein as the absolute value of 
the difference between the minimum ensemble-median velocity during the transient (Fig. 7-4, 
arrow) and the mean value of the ensemble-median velocity in the steady flow after the bore 
passage (Fig. 7-4, dashed line). Since the transient recirculation typically occurs in the close vicinity 
of the bed, only the breaking bore velocity data at the lowest elevation z/d1 = 0.1 were analysed. 
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Fig. 7-4 - Transient recirculation beneath a breaking bore - Vx; ensemble-median velocity, V75-V25: 
velocity fluctuation - Flow conditions: Q = 0.101 m3/s, Fr1 = 1.5, Re = 3.8×105, z/d1 = 0.1 
 
Herein not all velocity component data showed clear maxima in velocity fluctuations. The present 
results were only analysed based upon the flow conditions for which clear maximum values could 
be recorded for the velocity fluctuation data. Similar situations were encountered during the 
analysis of the maximum ensemble-median Reynolds stresses and the associated time delay. 
Typical results are presented in Figures 7-5 to 7-8. 
Significant differences in maximum dimensionless velocity fluctuations and associated 
dimensionless time delay were observed for all three velocity components between experiments 
performed with the same Froude number and different Reynolds numbers. Scale effects in terms of 
the maximum longitudinal deceleration were most significant close to the bed (z/d1 = 0.1). Next to 
the free-surface (z/d1 = 0.8), lesser difference was seen when the Reynolds number changed, 
especially in the case of breaking bores. For the turbulent Reynolds stresses, large scale effects were 
observed in terms of the time delay in peak Reynolds stress (Fig. 7-7B). Lesser impact was 
observed on the dimensionless shear stress magnitude. The change in Reynolds numbers from 
9.6×104 to 3.5×105 resulted in about 30% decrease in the recirculation velocity for breaking bores 
of Froude number 1.5 (Fig. 7-8). 
A summary of the present scale effect analysis is presented in Table 7-3, with the list of tested 
parameters, while the experimental conditions are summarised in Table 7-2. Altogether the present 
data indicated that the extrapolation of laboratory tidal bore results is not straight forward. The 
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upscaling to prototype conditions might be affected by adverse scale effects. 
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(A, Left) Longitudinal velocity fluctuation data 
(B, Right) Transverse velocity fluctuation data 
Fig. 7-5 - Effect of Reynolds number on the maximum velocity fluctuation (V75-V25)max and its 
delay Δtv for breaking bores - Flow conditions Fr1 = 1.5, z/d1 = 0.1 
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(A, Left) Breaking bore data (Fr1 = 1.5) 
(B, Right) Undular bore data (Fr1 = 1.2) 
Fig. 7-6 - Effect of Reynolds number on the maximum longitudinal deceleration at different vertical 
elevations 
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(A, Left) Maximum ensemble-median Reynolds stresses data (vivj)max 
(B, Right) Time delay data ΔTij 
Fig. 7-7 - Effect of Reynolds number on the maximum ensemble-median Reynolds stresses (vivj)max 
and its time delay ΔTij for breaking bores - Flow conditions: Fr1 = 1.5, z/d1 = 0.4 
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Fig. 7-8 - Effect of Reynolds number on the recirculation velocity Vrecirc for breaking bores - Flow 
conditions: Fr1 = 1.5, z/d1 = 0.1 
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Table 7-3 - Summary on scale effects affecting the physical modelling of tidal bores based upon 
Froude and Morton number similitude (Present study) 
 
Unsteady turbulent properties Criterion to minimise 
scale effects 
Remarks 
Maximum water depth (dmax) Re > 9.6×104  
Conjugate water depth (d2) Re > 9.6×104  
Height of free-surface rise upstream of 
the breaking roller toe (hs) 
Lscale = 1 Scale effects unless at full-scale. 
Length of free-surface rise upstream of 
the breaking roller toe (ls) 
Re > 9.6×104 Little difference within the 
experimental conditions. 
Length of the breaking bore roller (Lr) Lscale = 1 Scale effects unless at full-scale. 
Wave amplitude of undular bores (aw) Re > 3.3×104  
Wave length of undular bores (Lw) Re > 3.3×104  
Maximum free-surface fluctuation 
(d75-d25) and time lag (Δt) 
Lscale = 1 Scale effects unless at full-scale. 
Maximum velocity fluctuation (V75-
V25) and time lag (Δtv) 
Lscale = 1 Scale effects unless at full-scale for all 
velocity components. 
Maximum longitudinal velocity 
deceleration (∂Vx/∂t) 
Re > 9.6×104 & z/d1 
> 0.4 
Minimum scale effects for z/d1 > 0.4. 
 z/d1 < 0.4 & Lscale = 1 Scale effects unless at full-scale. 
Maximum Reynolds stress (vivj)max 
and time lag ΔTij 
Lscale = 1 Scale effects unless at full-scale for all 
Reynolds stress tensor components. 
Recirculation velocity (Vrecirc) Lscale = 1 Scale effects unless at full-scale. 
 
Notes: Lscale: geometric scaling ratio; results obtained with undular and breaking bores. 
 
7.3 SUMMARY 
While a number of studies compared laboratory and CFD data (KHEZRI 2014, SIMON 2014), it is 
believed that the present investigation is the first detailed scrutiny of the extrapolation of laboratory 
data to prototype conditions. Despite the relatively limited scope, the experimental investigations 
demonstrated unequivocally the limitations of dynamic similarity and physical modelling of 
unsteady tidal bore flow motion (Table 7-3). They showed further that the selection of the criteria to 
test data validation and to assess scale affects is critical: e.g., the free-surface properties, the 
longitudinal deceleration, the velocity fluctuations, the median Reynolds stresses, the Reynolds 
stress fluctuations, the PDF of Reynolds stresses. Simply any mention of scale effects must be 
associated with the list of tested parameters (FOSS et al. 2007, CHANSON 2009b, SCHULZ and 
FLACK 2013) and this study presents a detailed list of outcomes (Table 7-3). 
The present experimental results indicated that some parameters, such as Reynolds stresses, are 
likely to be affected by scale effects, even in large-size models and small estuaries. No scale effect 
is observed at full scale only, using the same fluids in prototype and model: i.e., in prototype flow 
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conditions like those detailed in Table 7-1 and illustrated in Figures 1-1 and 1-2. Yet even some 
field data sets could be challenged. For example, in the Dee, Sée and Sélune Rivers, the bore flow 
conditions corresponded to Reynolds numbers about 4×105 to 2106: that is, one order of magnitude 
lower than in large river systems like the Qiantang River (Table 7-1). The previous discussion on 
dynamic similarity does suggest that the extrapolation of Dee, Sée and Sélune River bore results 
could be subjected to some form of scale effects at larger Reynolds numbers. Basically no prototype 
data means no definite validation of any form of modelling! 
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8. CONCLUSION 
The unsteady free-surface properties and instantaneous velocity characteristics were studied during 
the propagation of tidal bores in a relatively large-size rectangular channel with a smooth bed. Both 
breaking and undular bores were investigated with Froude numbers Fr1 ranging from 1.1 to 2.3. The 
free-surface elevations were measured non intrusively and an acoustic Doppler velocimeter (ADV) 
was mounted mid-channel (x = 8.5 m) to record the instantaneous velocity components during the 
bore propagation. Both instantaneous and ensemble-average measurements were conducted at 200 
Hz. For some test conditions, the experiments were repeated 25 times and the data were ensemble-
averaged. This approach provided further the instantaneous and median Reynolds stresses. 
Visual, instantaneous and ensemble-averaged free-surface observations showed similar free-surface 
properties as found in previous studies. Namely the occurrence of undular bores for 1 < Fr1 < 1.2 to 
1.3, breaking bores for Fr1 > 1.4 to 1.5, and breaking bores with secondary waves for 1.2-1.3 < Fr1 
< 1.4-1.5. The propagation of a breaking bore was associated with an upward free-surface curvature 
immediately before the roller toe, and an abrupt increase in free-surface elevation with the passage 
of the breaking roller. The slope of the upward free-surface curvature decreased with increasing 
Froude number and disappeared for Fr1 > 2. The propagation of undular bores was associated with a 
smooth upward free-surface curvature, followed by a smooth first wave crest and a train of 
secondary quasi-periodic undulations. For all tidal bores, the passage of the bore front was always 
associated with large free-surface fluctuations, and the data showed maximum free-surface 
fluctuation occurring slightly after the arrival of the front. 
All velocity measurements showed a strong deceleration during the passage of the bore front at all 
vertical elevations. Large velocity fluctuations, characterised by the velocity difference between the 
third and first quartiles (V75-V25), were observed for the three velocity components at all elevations. 
Marked peaks in velocity fluctuations were seen in breaking bores shortly after the passage of the 
breaking roller toe. For all types of bores, higher velocity fluctuations were measured in the lower 
water column. Marked increase in the vertical velocity component was observed at the highest 
vertical elevation (z/d1 = 0.8), and the time variation of the vertical velocity seemed to be out of 
phase with the time variation of the free-surface for undular bores. 
The Reynolds stress data showed that the propagation of tidal bores was associated with large 
turbulent stresses and shear stress fluctuations, particularly beneath the bore front. Maxima in 
normal and tangential stresses were observed shortly after the passage of a breaking bore roller toe. 
The maximum Reynolds stresses occurred after the occurrence of the maximum free-surface 
fluctuations, indicating some interaction between the free-surface fluctuations and shear stress 
fluctuations beneath the bore front. The propagation of tidal bores was associated with a broad 
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range of shear stress levels underneath the bore front, with the probability density of the tangential 
stresses distributed normally and the normal stresses distributed in a skewed single-mode fashion. 
With undular bores, large Reynolds stresses were observed beneath the secondary wave train, 
lasting longer than during a breaking bore. 
Overall the study demonstrated the intense turbulence and turbulent mixing under breaking and 
undular tidal bores. A careful analysis of a range of dimensionless unsteady turbulent properties 
was conducted with two different Reynolds number ranges based upon a Froude and Morton 
similitude. For both undular and breaking bores, the results demonstrated that several parameters 
are likely to be affected by scale effects, even in large-size models. The findings imply that 
laboratory study data might not be upscaled to prototype conditions without adverse scale effects. 
The result points to the need for further detailed field measurements, while CFD numerical models 
should be tested against prototype data. Future studies may further encompass tidal bores 
interacting with obstacles, including piers, wharfs, people, etc... 
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APPENDIX A - PHOTOGRAPHS OF EXPERIMENTS 
A.1 PRESENTATION 
Visual observations of the tidal bore experiments were carried out for a wide range of flow 
conditions in the 19 m long 0.7 m wide rectangular flume located in the AEB Hydraulics 
Laboratory of the University of Queensland. The photographs were taken with a dSLR camera 
PentaxTM K-3 with a frame rate of 8.3 fps for continuous shooting. 
 
Notation 
d water depth (m) measured from the surface of the channel bed; 
d1 initial steady flow water depth (m) measured at x = 8.5 m; 
Fr1 bore Froude number defined as (V1+U)/√(g d1); 
g gravity acceleration (m/s2): g = 9.80 m/s2 in Brisbane; 
h Tainter gate opening after rapid closure (m); 
Q water discharge (m3/s); 
So bed slope: So = sinθ; 
t time (s) after the gate closure (t=0 at gate closure); 
U bore celerity (m/s); 
V1 initial steady flow velocity (m/s) calculated at x = 8.5 m; 
x distance measured from the upstream end (m); 
θ angle between channel bed and horizontal, positive anticlockwise; 
 
Abbreviation 
ADM acoustic displacement meter; 
ADV acoustic Doppler velocimeter. 
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Fig. A-1 - Downstream Tainter gate at x = 18.1 m with ADM sensor (arrow) downstream of the 
gate at x = 18.17 m - Initially steady flow direction from right to left 
 
 
Fig. A-2 - Acoustic displacement meter during the propagation of an undular bore 
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Fig. A-3 - Photograph of the acoustic Doppler velocimeter mounted at x = 8.5 m during the 
propagation of an undular bore (propagating from right to left) 
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Fig. A-4 - Continuous photographs of the gate closure process - Order of photographs: left to right, 
top to bottom, Time interval = 0.12 s between photographs - Flow condition: Q= 0.101 m3/s, h = 0, 
S o= 0, Radial gate opening = fully opened, Fr1 = 1.5 - Initially steady flow direction from right to 
left 
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Fig. A-5 - Air bubble entrainment beneath the breaking roller (looking from below) - Flow 
conditions: Q = 0.101 m3/s, h = 0, So = 0, Radial gate opening = fully opened, Fr1 = 1.5, Time 
interval = 0.12 s between photographs, Bore propagation from left to right 
 
A-6 
 
 
 
 
Fig. A-6 - Looking downstream at an advancing breaking bore: front view of the highly fluctuating 
roller - Flow conditions: Q = 0.101 m3/s, h = 0, So = 0.0075, Radial gate opening = fully opened, Fr1 
= 2.2, Time interval=0.12 s between photographs, Bore propagating from background to foreground 
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Fig. A-7 - Side view of the roller toe and mixing layer of a breaking bore - Flow conditions: Q = 
0.101 m3/s, h = 0, So = 0.0075, Radial gate opening = fully opened, Fr1 = 2.2, Time interval = 0.12  
s between photographs, Bore propagation from right to left 
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Fig. A-8 - Upstream propagation of a breaking bore (side view) - Flow conditions: Q = 0.101 m3/s, 
h = 0, So = 0, Radial gate opening = fully opened, Fr1 = 1.6, Time interval = 0.12 s between 
photographs, Bore propagation from left to right 
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Fig. A-9 - Propagation of an undular bore with shock waves (arrows) developing on the free-
surface - Flow conditions: Q = 0.101 m3/s, h = 0.071 m, So = 0, Radial gate opening = 0.125m, Fr1 = 
1.2 (top view), Time interval = 0.12 s between photographs, Bore propagating from background to 
foreground 
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Fig. A-10 - Propagation of an undular bore (side view) - Order of photographs: left to right, top to 
bottom, Time interval = 0.12 s between photographs - Flow conditions: Q = 0.101 m3/s, h = 0.071 
m, So = 0, Radial gate opening = 0.125 m, Fr1 = 1.2, Bore propagation from left to right 
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Fig. A-11 - Gate closure and generation of a breaking bore (side view) - High shutter speed 
photographs (1/500 s), Time interval = 0.24 s between photographs, Order of photographs: left to 
right, top to bottom - Flow conditions: Q = 0.055 m3/s, h = 0, So = 0.005, Radial gate opening = 
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fully opened, Fr1 = 1.57, Bore propagation from left right 
 
  
  
  
Fig. A-12 - Upstream propagation of a breaking bore (side view) - High shutter speed photographs 
(1/1,600 s), Time interval = 0.12 s between photographs, Order of photographs: left to right, top to 
bottom - Flow conditions: Q = 0.070 m3/s, h = 0, So = 0, Radial gate opening = fully opened, Fr1 = 
1.47, Bore propagation from right to left 
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APPENDIX B - MOVIES OF TIDAL BORE EXPERIMENTS 
B.1 PRESENTATION 
Visual observations of the tidal bore experiments were carried out for a wide range of flow 
conditions in a 19 m long 0.7 m wide rectangular flume with smooth PVC bed and 0.52 m high 
glass sidewalls. High-speed video movies were obtained using a digital camera CasioTM Exlim 
Ex10 (120 fps, resolution: 640p×480p; 240 fps, resolution: 512p×384p, 480 fps, resolution: 
224p160p). This Appendix describes the video movies. The movies are replayed at 30 fps: e.g., a 
120 fps movie is hence replayed at 25% normal speed. In some movies, a metallic ruler is seen 
along the glass sidewall (e.g. movies CIMG0007.MOV and CIMG0078.MOV). The ruler was 334 
mm high and 25 mm wide. 
All the movies are Copyrights Xinqian LENG and Hubert CHANSON 2015. 
 
B.2 LIST OF DIGITAL VIDEO MOVIES 
 
Filename Format Description 
CIMG0006.MP4 Resolution: 
512×384 
pixels 
Frame rate: 
240 fps 
Breaking bore generation induced by the rapid 
gate closure. Gate closure sequence. 
Flow conditions: Q = 0.10 m3/s, d1 = 0.172 m at 
x = 8.5 m, So = 0, h = 0 m, Fr1 = 1.62 at x = 8.5 
m, Radial gate: fully opened 
CIMG0007.MOV Resolution: 
512×384 
pixels 
Frame rate: 
240 fps 
Breaking bore propagation at x = 8.5 m. 
Flow conditions: Q = 0.101 m3/s, d1 = 0.172 m 
at x = 8.5 m, So = 0, h = 0 m, Fr1 = 1.62 at x = 
8.5 m, Radial gate: fully opened 
CIMG0080.MP4 Resolution: 
224×160 
pixels 
Frame rate: 
480 fps 
Undular bore generation induced by the rapid 
gate closure. Gate closure sequence. 
Flow conditions: Q = 0.10 m3/s, d1 = 0.200 m at 
x = 8.5 m, So = 0, h = 0.071 m, Fr1 = 1.19 at x = 
8.5 m, Radial gate opening: 0.125 m 
CIMG0078.MOV Resolution: 
640×480 
pixels 
Frame rate: 
120 fps 
Undular bore propagation at x = 8.5 m 
Flow conditions: Q = 0.10 m3/s, d1 = 0.200 m at 
x = 8.5 m, So = 0, h = 0.071 m, Fr1 = 1.19 at x = 
8.5 m, Radial gate opening: 0.125 m 
 
B.3 MOVIE FILES 
The movies files of Appendix B are available in the institutional open access repository of the 
University of Queensland (Brisbane, Australia) and they are deposited at UQeSpace 
{http://espace.library.uq.edu.au/}. The digital video files are a series of digital movies. The 
deposited movie files (Section B.2) were converted to Flash video for video streaming. At request, 
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the authors might provide the original movies as a single compressed file. 
The copyrights of the movies remain the property of Xinqiang LENG and Hubert CHANSON. Any 
use of the movies available in the digital appendix must acknowledge and cite the present report: 
LENG, X., and CHANSON, H. (2015). "Unsteady Turbulence during the Upstream Propagation of 
Undular and Breaking Tidal Bores: an Experimental Investigation." Hydraulic Model Report 
No. CH98/15, School of Civil Engineering, The University of Queensland, Brisbane, 
Australia 235 pages & 4 video movies (ISBN 978 1 74272 135 4). 
Further details on the report including the digital appendix may be obtained from Professor Hubert 
CHANSON {h.chanson@uq.edu.au}. 
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APPENDIX C - INSTANTANEOUS FREE-SURFACE MEASUREMENTS 
C.1 PRESENTATION 
New tidal bore experiments were conducted in a relatively large size rectangular flume at the 
Advanced Engineering Building hydraulic laboratory, the University of Queensland. The 
experimental channel was 19 m long and 0.7 m wide, made of smooth PVC invert and glass side 
walls (Fig. C-1). The waters were supplied by a constant head tank feeding through a smooth 
convergent intake. The water discharge was measured by a magneto flow meter with an accuracy of 
10-5 m3/s. A fast-closing Tainter gate was located next to the downstream end at x = xgate = 18.1 m 
where x is the distance from the channel upstream end. A radial gate was located downstream of the 
Tainter gate at x = 18.88 m, and was used in the experiments of undular bores to rise the initial 
water level and hence lower the bore Froude number. The experiments tested both breaking and 
undular bores, with breaking bores typically occurring for Fr1 > 1.4-1.5, and undular bores 
occurring for 1 < Fr1 < 1.2-1.3. Four different discharges (0.101, 0.085, 0.071 and 0.055 m3/s) were 
tested for tidal bores of a wide range of Froude numbers (Fr1 = 1.1 to 2.3). Three channel slopes So 
were used (0.0025, 0.005 and 0.0075). Table C-1 summarises the experimental flow conditions. 
The instantaneous free-surface measurements were performed using a series of acoustic 
displacement meters (MicrosonicTM Mic+35/IU/TC and Mic+25/IU/TC) located at x = 18.17 m, 
17.81 m, 17.41 m, 14.96 m, 12.46 m, 9.96 m, 8.5 m, 6.96 m, 3.96 m and 0.96 m. All acoustic 
displacement meters (ADMs) were sampled simultaneously at 200 Hz and placed above the channel 
centreline. The bores were generated by rapidly closing the downstream Tainter gate and the bore 
front propagated upstream. The gap h under the gate after closure was varied to vary the strength of 
the bore. Each experimental run was stopped when the bore front reached the intake. Figure C-1 
presents the experimental facility and setup. Figures C-2 to C-12 show the time variations in 
instantaneous free-surface elevations at several longitudinal positions for all flow conditions 
summarised in Table C-1. For some flow conditions, the ADMs did not operate properly at low 
initial flow depths (d < 0.1 m); the recorded data was meaningless for the initial steady flow and 
was cut from the graph. All ADMs provided accurate measurements for the unsteady flow region, 
after the bore arrival. 
 
Notation 
d water depth (m) measured from the surface of the channel bed; 
d1 initial steady flow water depth (m) measured at x = 8.5 m; 
Fr1 bore Froude number defined as (V1+U)/√(g d1); 
g gravity acceleration (m/s2): g = 9.80 m/s2 in Brisbane QLD, Australia; 
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h Tainter gate opening (m) after rapid closure; 
Q water discharge (m3/s); 
So bed slope: So=sinθ; 
t time (s) after the gate closure (t=0 at gate closure); 
U bore celerity (m/s); 
V1 initial steady flow velocity (m/s) calculated at x = 8.5m; 
x distance (m) measured from the upstream end; 
θ angle between channel bed and horizontal, positive downwards; 
 
Abbreviation 
ADM acoustic displacement meter. 
 
Table C-1 - Experimental flow conditions for instantaneous free-surface measurements 
 
Date So Q 
(m3/s) 
Radial 
gate 
opening 
(m) 
h 
(m) 
Surge 
type 
d1 Fr1 Instrumentatio
n 
11/08/2014-
20/08/2014 
0 0.055 
0.071 
0.085 
0.101 
N/A 0-
0.105
Breaking 
& 
undular 
0.121-
0.172
1.2-
1.6 
acoustic 
displacement 
meter 
29/08/2014-
02/09/2014 
0 0.055 
0.071 
0.085 
0.101 
0.051-
0.125 
0-
0.105
Breaking 
& 
undular 
0.188-
0.196
1.1-
1.3 
acoustic 
displacement 
meter 
05/09/2014 0.0025 0.071 
0.085 
0.101 
N/A 0-
0.105
Breaking 
& 
undular 
0.113-
0.143
1.2-
1.6 
acoustic 
displacement 
meter 
08/09/2014 0.005 0.055 
0.071 
0.085 
0.101 
N/A 0-
0.071
Breaking 
& 
undular 
0.072-
0.105
1.6-
2.1 
acoustic 
displacement 
meter 
09/09/2014 0.0075 0.055 
0.071 
0.085 
0.101 
N/A 0-
0.071
Breaking 0.063-
0.096
1.9-
2.3 
acoustic 
displacement 
meter 
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Fig. C-1 - Experimental facility and setup 
 
C.2 RESULTS 
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(A) Fr1 = 1.6 
A-18 
t (s)
D
ep
th
 (m
)
0 2.5 5 7.5 10 12.5 15 17.5
0
0.025
0.05
0.075
0.1
0.125
0.15
0.175
0.2
0.225
0.25
0.275
0.3
0.325
0.35
 
(B) Fr1 = 1.4 
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(C) Fr1 = 1.37 
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(D) Fr1 = 1.27 
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(E) Fr1 = 1.23 
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(F) Fr1 = 1.17 
Fig. C-2 - Time-variations of the free-surface elevations at different longitudinal locations of the 
flow condition Q = 0.101 m3/s, So = 0, Radial gate opening = fully-opened 
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(A) Fr1 = 1.45 
A-21 
t (s)
D
ep
th
 (m
)
0 3 6 9 12 15 18 21
0
0.025
0.05
0.075
0.1
0.125
0.15
0.175
0.2
0.225
0.25
 
(B) Fr1 = 1.36  
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(C) Fr1 = 1.32 
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(D) Fr1 = 1.23 
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(E) Fr1 = 1.15 
Fig. C-3 - Time-variations of the free-surface elevations at different longitudinal locations of the 
flow condition Q = 0.055 m3/s, So = 0, Radial gate opening = fully-opened 
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(A) Fr1 = 1.47 
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(B) Fr1 = 1.42 
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(C) Fr1 = 1.35 
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(D) Fr1 = 1.28 
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(E) Fr1 = 1.21 
Fig. C-4 - Time-variations of the free-surface elevations at different longitudinal locations of the 
flow condition Q = 0.071 m3/s, So = 0, Radial gate opening = fully-opened 
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(A) Fr1 = 1.48 
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(B) Fr1 = 1.44 
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(C) Fr1 = 1.36 
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(D) Fr1 = 1.29 
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(E) Fr1 = 1.24 
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(F) Fr1 = 1.12 
Fig. C-5 - Time-variations of the free-surface elevations at different longitudinal locations of the 
flow condition Q = 0.085 m3/s, So = 0, Radial gate opening = fully-opened 
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(A) Fr1 = 1.26 
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(B) Fr1 = 1.25 
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(C) Fr1 = 1.18 
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(D) Fr1 = 1.13 
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(E) Fr1 = 1.1 
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(F) Fr1 = 1.05 
Fig. C-6 - Time-variations of the free-surface elevations at different longitudinal locations of the 
flow condition Q = 0.055 m3/s, So = 0, Radial gate opening = 0.051 m 
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(A) Fr1 = 1.3 
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(B) Fr1 = 1.2 
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(C) Fr1 = 1.2 
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(D) Fr1 = 1.15 
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(E) Fr1 = 1.06 
Fig. C-7 - Time-variations of the free-surface elevations at different longitudinal locations of the 
flow condition Q=0.071 m3/s, So = 0, Radial gate opening = 0.075 m 
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(A) Fr1 = 1.4 
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(B) Fr1 = 1.24 
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(C) Fr1 = 1.19 
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(D) Fr1 = 1.08 
Fig. C-8 - Time-variations of the free-surface elevations at different longitudinal locations of the 
flow condition Q = 0.085 m3/s, So = 0, Radial gate opening = 0.103 m 
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(A) Fr1 = 1.33 
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(B) Fr1 = 1.25 
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(C) Fr1 = 1.1 
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(D) Fr1 = 1.13 
Fig. C-9 - Time-variations of the free-surface elevations at different longitudinal locations of the 
flow condition Q = 0.101 m3/s, So = 0, Radial gate opening = 0.125 m 
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(A) Q = 0.101 m3/s, Radial gate opening = fully-opened, Fr1 = 2.13 
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(B) Q = 0.101 m3/s, Radial gate opening = fully-opened, Fr1 = 1.78 
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(C) Q = 0.085 m3/s, Radial gate opening = fully-opened, Fr1 = 1.98 
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(D) Q = 0.085 m3/s, Radial gate opening = fully-opened, Fr1 = 1.6 
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(E) Q = 0.071 m3/s, Radial gate opening = fully-opened, Fr1 = 2.02 
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(F) Q = 0.071 m3/s, Radial gate opening = fully-opened, Fr1 = 1.58 
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(G) Q = 0.055 m3/s, Radial gate opening = fully-opened, Fr1 = 1.95 
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(H) Q = 0.055 m3/s, Radial gate opening = fully-opened, Fr1 = 1.61 
Fig. C-10 - Time-variations of the free-surface elevations at different longitudinal locations for So = 
0.005 
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(A) Q = 0.101 m3/s, Radial gate opening = fully-opened, Fr1 = 1.63 
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(B) Q = 0.101 m3/s, Radial gate opening = fully-opened, Fr1 = 1.24 
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(C) Q = 0.085 m3/s, Radial gate opening = fully-opened, Fr1 = 1.68 
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(D) Q = 0.085 m3/s, Radial gate opening = fully-opened, Fr1 = 1.38 
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(E) Q = 0.071 m3/s, Radial gate opening = fully-opened, Fr1 = 1.62 
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(F) Q = 0.071 m3/s, Radial gate opening = fully-opened, Fr1 = 1.3 
Fig. C-11 - Time-variations of the free-surface elevations at different longitudinal locations for So = 
0.0025 
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(A) Q = 0.101 m3/s, Radial gate opening = fully-opened, Fr1 = 2.28 
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(B) Q = 0.101 m3/s, Radial gate opening = fully-opened, Fr1 = 1.9 
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(C) Q = 0.085 m3/s, Radial gate opening = fully-opened, Fr1 = 2.28 
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(D) Q = 0.085 m3/s, Radial gate opening = fully-opened, Fr1 = 1.9 
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(E) Q = 0.071 m3/s, Radial gate opening = fully-opened, Fr1 = 2.2 
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(F) Q = 0.071 m3/s, Radial gate opening = fully-opened, Fr1 = 1.86 
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(g) Q = 0.055 m3/s, Radial gate opening = fully-opened, Fr1 = 2.28 
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(H) Q = 0.055 m3/s, Radial gate opening = fully-opened, Fr1 = 1.95 
Fig. C-12 - Time-variations of the free-surface elevations at different longitudinal locations for So = 
0.0075 
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APPENDIX D - ENSEMBLE-AVERAGED FREE-SURFACE 
MEASUREMENTS 
D.1 PRESENTATION 
Ensemble-averaged free-surface measurements were conducted using a series of acoustic 
displacement meters at different longitudinal locations for flow conditions listed in Table D-1. For 
all flow conditions, the experiments were repeated 25 times, and the results were ensemble-
averaged to obtain the median water depths dmedian and the difference between the third and first 
quartiles of the water depths (d75-d25). The difference between the third and first quartiles of the 
water depths (d75-d25) characterised the free-surface fluctuations of the ensemble. For a Gaussian 
distribution of then ensemble data around its mean, (d75-d25) would be 1.3 times the standard 
deviation. This appendix presents the time-variations of the ensemble-averaged median free-surface 
elevations dmedian and free-surface fluctuations d75-d25 for flow conditions summarised in Table D-1. 
In Section D.3, Tables D-2 and D-3 summarises the free-surface characteristics of breaking and 
undular tidal bores analysed from the instantaneous and ensemble-averaged free-surface data. 
 
Notation 
d water depth (m) measured from the surface of the channel bed; 
d1 initial steady flow water depth (m) measured at x = 8.5 m; 
∆d decile differences in water depth (m); 
Fr1 bore Froude number defined as (V1+U)/√(gd1); 
g gravity acceleration (m/s2): g = 9.80 m/s2 in Brisbane, Australia; 
h Tainter gate opening after rapid closure (m); 
Q water discharge (m3/s); 
So bed slope: So=sinθ; 
t time (s) after the gate closure (t=0 at gate closure); 
U bore celerity (m/s); 
V1 initial steady flow velocity (m/s) calculated at x = 8.5 m; 
x distance measured from the upstream end (m); 
θ angle between channel bed and horizontal, positive anticlockwise; 
 
Subscript 
median median value of the ensemble-averaged data set; 
75 75% percentile of the ensemble-averaged data set, also called the first quartile; 
A-50 
25 25% percentile of the ensemble-averaged data set, also called the third quartile; 
 
Abbreviations 
ADM acoustic displacement meter; 
ADV acoustic Doppler velocimeter. 
 
Table D-1 - Experimental flow conditions for ensemble-averaged free-surface measurements 
 
Date So Q 
(m3/s) 
Radial 
gate 
opening 
(m) 
d1 
(m)
d2 
(m)
U 
(m/s)
Fr1 h (m) Bore 
type 
Instrumentation
1/10/2014 0.0075 0.101 N/A 0.10 0.28 0.71 2.2 0 Breaking ADMs & ADV.
7/10/2014 0.0005 0.055 N/A 0.07 0.14 0.26 1.5 0.051 Breaking ADMs & ADV.
13/10/2014 0 0.101 N/A 0.18 0.30 1.13 1.5 0 Breaking ADMs & ADV.
16/10/2014 0 0.101 0.125 0.21 0.27 1.00 1.2 0.071 Undular ADMs & ADV.
22/10/2014 0 0.055 0.051 0.20 0.25 1.27 1.2 0.017 Undular ADMs & ADV.
 
D.2 RESULTS 
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Fig. D-1 - Time-variations of the ensemble-averaged median free-surface elevations and free-
surface fluctuations at difference longitudinal locations for flow condition Q = 0.101 m3/s, So = 
0.0075, Radial gate opening = fully-opened, Fr1 = 2.2 
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Fig. D-2 - Time-variations of the ensemble-averaged median free-surface elevations and free-
surface fluctuations at difference longitudinal locations for flow condition Q = 0.101 m3/s, So = 0, 
Radial gate opening = Fully-opened, Fr1 = 1.5 
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Fig. D-3 - Time-variations of the ensemble-averaged median free-surface elevations and free-
surface fluctuations at difference longitudinal locations for flow condition Q = 0.055 m3/s, So = 
0.005, Radial gate opening = fully-opened, Fr1 = 1.5 
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Fig. D-4 - Time-variations of the ensemble-averaged median free-surface elevations and free-
surface fluctuations at difference longitudinal locations for flow condition Q = 0.101 m3/s, So = 0, 
Radial gate opening = 0.125 m, Fr1 =1.2. 
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Fig. D-5 - Time-variations of the ensemble-averaged median free-surface elevations and free-
surface fluctuations at difference longitudinal locations for flow condition Q = 0.055 m3/s, So = 0, 
Radial gate opening = 0.051 m, Fr1=1.2 
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D.3 SUMMARY 
 
Table D-2 - Free-surface characteristics of breaking tidal bores 
 
So Q 
(m3/s) 
Radial 
gate 
opening 
(m) 
h (m) Fr1 d1 (m) dmax 
(m) 
d2 (m) hs (m) Ls (m) Lr (m)
0 0.101 N/A 0 1.6 0.172 0.330 0.300 0.023 0.152 0.277 
0 0.101 N/A 0.071 1.2 0.173 0.270 0.250 0.048 0.375 0.167 
0 0.071 N/A 0 1.5 0.140 0.247 0.228 0.025 0.179 0.152 
0 0.071 N/A 0.017 1.4 0.140 0.216 0.225 0.023 0.207 0.138 
0 0.071 N/A 0.031 1.4 0.140 0.240 0.218 0.044 0.255 0.146 
0.0025 0.101 N/A 0 1.6 0.143 0.122 0.119 0.003 0.021 0.140 
0.005 0.101 N/A 0 2.1 0.105 0.245 0.272 0.009 0.062 0.438 
0.005 0.101 N/A 0.071 1.8 0.105 0.228 0.200 0.010 0.088 0.225 
0.005 0.085 N/A 0 2.0 0.098 0.226 0.219 0.021 0.092 0.162 
0.005 0.085 N/A 0.071 1.6 0.098 0.179 0.177 0.011 0.112 0.201 
0.005 0.071 N/A 0 2.0 0.085 0.167 0.183 0.000 0.000 0.313 
0.005 0.071 N/A 0.071 1.6 0.085 0.161 0.150 0.013 0.204 0.129 
0.005 0.055 N/A 0 2.0 0.072 0.152 0.150 0.011 0.130 0.239 
0.005 0.055 N/A 0.051 1.6 0.072 0.129 0.144 0.019 0.275 0.275 
0.0075 0.101 N/A 0 2.3 0.096 0.279 0.231 0.000 0.000 0.542 
0.0075 0.101 N/A 0.071 1.9 0.096 0.261 0.183 0.000 0.000 0.122 
0.0075 0.085 N/A 0 2.3 0.086 0.223 0.208 0.007 0.074 0.260 
0.0075 0.085 N/A 0.071 1.9 0.086 0.192 0.175 0.012 0.120 0.276 
0.0075 0.071 N/A 0 2.2 0.075 0.205 0.185 0.012 0.185 0.392 
0.0075 0.071 N/A 0.051 1.9 0.075 0.152 0.148 0.014 0.148 0.182 
0.0075 0.055 N/A 0 2.3 0.063 0.175 0.142 0.007 0.144 0.343 
0.0075 0.055 N/A 0.031 2.0 0.063 0.143 0.138 0.013 0.235 0.339 
0.0075 0.101 N/A 0 2.2 0.099 0.289 0.277 0.006 0.056 0.361 
0.0005 0.055 N/A 0.051 1.5 0.074 0.164 0.144 0.006 0.108 0.319 
0 0.101 N/A 0 1.5 0.175 0.297 0.296 0.028 0.140 0.210 
 
Notes: Both instantaneous and ensemble-averaged data analyses are included; Greyed data: 
ensemble-averaged data. 
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Fig. D-6 - Breaking tidal bore propagating from right to left 
 
Table D-3 - Free-surface characteristics of undular tidal bores 
 
So Q (m3/s) Radial 
gate 
opening 
(m) 
h (m) Fr1 d1 (m) dmax (m) d2 (m) aw (m) Lw (m) 
0 0.101 N/A 0.105 1.2 0.173 0.243 0.214 0.029 1.368 
0 0.101 0.125 0.105 1.1 0.200 0.268 0.235 0.032 1.904 
0 0.101 0.125 0.071 1.2 0.200 0.311 0.260 0.053 1.481 
0 0.085 N/A 0.105 1.1 0.160 0.213 0.191 0.022 1.312 
0 0.085 0.103 0.071 1.2 0.188 0.289 0.240 0.046 1.754 
0 0.085 0.103 0.105 1.1 0.188 0.231 0.208 0.019 2.074 
0 0.071 N/A 0.051 1.3 0.140 0.226 0.210 0.032 0.857 
0 0.071 N/A 0.071 1.2 0.140 0.215 0.190 0.035 0.931 
0 0.071 0.075 0.105 1.1 0.190 0.228 0.221 0.012 2.553 
0 0.071 0.075 0.071 1.2 0.190 0.264 0.223 0.027 2.076 
0 0.071 0.075 0.051 1.2 0.190 0.275 0.238 0.038 1.818 
0 0.071 0.075 0.031 1.2 0.193 0.300 0.255 0.053 1.640 
0 0.055 0.052 0.105 1.1 0.193 0.219 0.216 0.008 3.109 
0 0.055 0.052 0.071 1.1 0.193 0.235 0.227 0.015 2.194 
0 0.055 0.052 0.051 1.1 0.193 0.259 0.231 0.021 2.110 
0 0.055 0.052 0.031 1.2 0.193 0.270 0.240 0.031 1.690 
0 0.055 0.052 0.017 1.3 0.193 0.276 0.240 0.041 1.691 
0 0.055 0.052 0 1.3 0.193 0.310 0.263 0.052 1.483 
0 0.101 0.125 0.071 1.2 0.205 0.321 0.27 0.050 1.620 
0 0.055 0.051 0.017 1.2 0.196 0.296 0.254 0.036 1.592 
 
Notes: Both instantaneous and ensemble-averaged data analyses are included; Greyed data: 
ensemble-averaged data. 
A-55 
 
 
Fig. D-7 - Undular tidal bore propagating from right to left 
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APPENDIX E - INSTANTANEOUS VELOCITY MEASUREMENTS 
E.1 PRESENTATION 
The instantaneous velocity measurements were performed using an acoustic Doppler velocimeter 
(ADV) NortekTM Vectrino+ (Serial No. VNO 0436) equipped with a three-dimensional side-
looking head, capable of recording the longitudinal, transverse and vertical velocity components Vx, 
Vy and Vz. The ADV unit was configured to a velocity range of 1.0 m/s and sampling rate of 200 
Hz. The transmit length and sampling volume were respectively 0.3 mm and 1.5 mm height. The 
translation of the ADV probe in the vertical direction was controlled by a fine adjustment travelling 
mechanism connected to a MitutoyoTM digimatic scale unit. The error on the vertical position of the 
proble was ∆z < 0.025 mm. The accuracy on the longitudinal position was estimated as ∆x<±2mm. 
Herein the ADV unit was located at x = 8.5 m, where x was measured from the upstream end, and 
the ADV was sampled simultaneously with the ADMs. Both the ADV and ADMs were sampled at 
200 Hz, and all measurements were conducted on the channel centreline. 
The post processing of the ADV data was conducted with the software WinADVTM version 2.031. 
In steady flows, the ADV post processing included the removal of communication errors, the 
removal of average signal to noise ratio data less than 5 dB and the removal of average correlation 
values less than 60%. In addition, the phase-space thresholding technique developed by GORING 
and NIKORA (2002) and implemented by WAHL (2003) was used to remove spurious points in the 
data set. In unsteady flow conditions, the above post-processing technique was not applicable 
(NIKORA 2004, Person. Comm., CHANSON 2008,2010b, KOCH and CHANSON 2009). The 
unsteady flow post-processing was limited to a removal of communication errors, and it is 
acknowledged that the vertical velocity component Vz data might be affected adversely by the bed 
proximity for z < 0.030 m. 
This appendix presents the instantaneous time-variations of the longitudinal, transverse and vertical 
velocity, with the corresponding instantaneous time-variation of the free-surface at the velocity 
sampling location, for flow conditions summarised in Table E-1. For each flow condition, the 
velocity measurements were conducted at a number of vertical elevation z throughout the water 
depth, where z was positive upwards from the surface of the channel bed (z = 0 at bed). 
 
Notation 
d water depth (m) measured from the surface of the channel bed; 
d1 initial steady flow water depth (m) measured at x = 8.5 m; 
∆d decile differences in water depth (m); 
Fr1 bore Froude number defined as (V1+U)/√(gd1); 
A-57 
g gravity acceleration (m/s2): g = 9.80 m/s2 in Brisbane, Australia; 
h Tainter gate opening after rapid closure (m); 
Q water discharge (m3/s); 
So bed slope: So=sinθ; 
t time (s) after the gate closure (t=0 at gate closure); 
U bore celerity (m/s); 
V1 initial steady flow velocity (m/s) calculated at x=8.5m; 
Vx longitudinal velocity (m/s) positive downstream; 
Vy transverse velocity (m/s) positive towards the left side wall; 
Vz vertical velocity (m/s) positive upwards; 
x distance measured from the upstream end (m); 
z vertical elevation (m) measured from the surface of the channel bed (z=0 at bed); 
θ angle between channel bed and horizontal, positive anticlockwise; 
 
Subscripts 
median median value of the ensemble-averaged data set; 
x longitudinal component; 
y transverse component; 
z vertical component; 
75 75% percentile of the ensemble-averaged data set, also called the first quartile; 
25 25% percentile of the ensemble-averaged data set, also called the third quartile; 
 
Abbreviations 
ADM acoustic displacement meter; 
ADV acoustic Doppler velocimeter. 
 
Table E-1 - Experimental flow conditions for instantaneous velocity measurements 
 
Date So Q 
(m3/s)
Radial 
gate 
opening 
(m) 
d1 
(m)
d2 
(m)
 
(m/s)
Fr1 h 
(m) 
z/d1 Surge 
type 
Instrumentation
17/09/2014 0 0.101 N/A 0.18 0.30 1.14 1.5 0 0-1 Breaking ADV &ADMs. 
18/09/2014 0 0.101 0.125 0.20 0.27 1.00 1.2 0.071 0-1 Undular ADV &ADMs. 
19/09/2014 0 0.055 0.051 0.20 0.25 1.25 1.2 0.017 0-1 Undular ADV &ADMs. 
25/09/2014 0.005 0.056 N/A 0.07 0.15 0.25 1.5 0.051 0-1 Breaking ADV &ADMs. 
26/09/2014 0.0075 0.102 N/A 0.10 0.29 0.66 2.3 0 0-1 Breaking ADV &ADMs. 
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E.2 RESULTS 
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Fig. E-1 - Time-variations of the instantaneous velocity and free-surface elevations of the flow 
condition Q = 0.101 m3/s, So = 0, Radial gate opening = fully-opened, Fr1 = 1.5 
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Fig. E-2 - Time-variations of the instantaneous velocity and free-surface elevations of the flow 
condition Q= 0.101 m3/s, So = 0, Radial gate opening = 0.125 m, Fr1 = 1.2 
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z/d1 = 0.1 
Fig. E-3 - Time-variations of the instantaneous velocity and free-surface elevations of the flow 
condition Q = 0.055 m3/s, So = 0, Radial gate opening = 0.051 m, Fr1 = 1.2 
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Fig. E-4 - Time-variations of the instantaneous velocity and free-surface elevations of the flow 
condition Q = 0.055 m3/s, So = 0.005, Radial gate opening = fully-opened, Fr1 = 1.5 
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z/d1 = 0.83 
Fig. E-5 - Time-variations of the instantaneous velocity and free-surface elevations of the flow 
condition Q = 0.101 m3/s, So= 0.0075, Radial gate opening = fully-opened, Fr1 = 2.3 
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APPENDIX F - ENSEMBLE-AVERAGED VELOCITY MEASUREMENTS 
F.1 PRESENTATION 
Ensemble-averaged velocity measurements were conducted at three vertical elevations (z/d1 = 0.1, 
0.4 and 0.8) for each of the five tidal bore flow conditions summarised in Table F-1. The 
longitudinal location of the velocity sampling point was the same as in the instantaneous velocity 
measurements (x = 8.5 m). For all elevations and flow conditions, the experiments were repeated 25 
times, and the results were ensemble-averaged following CHANSON and DOCHERTY (2012) to 
obtain the median velocity and the difference between the third and first quartiles of velocity data 
(V75-V25). The difference between the third and first quartiles of the velocity data (V75-V25) 
characterised the velocity fluctuations of the total ensemble. For a Gaussian distribution of the 
ensemble data around its mean, (V75-V25) would be 1.3 times the standard deviation. The ensemble-
averaged velocity measurements were conducted simultaneously with the ensemble-averaged free-
surface measurements, all sampling at 200 Hz on channel centreline. The results were synchronised 
together within 1 ms of time difference. This appendix presents the time-variations of the ensemble-
averaged median velocity and velocity fluctuations, characterised by V75-V25, of the three velocity 
components - longitudinal Vx, transverse Vy and vertical Vz. The time-variations of the ensemble-
averaged median free-surface elevation at the velocity sampling location corresponding to the same 
flow condition were also presented. Table F-2 summarises the maximum velocity fluctuations and 
the time lag between the maximum fluctuation and the bore arrival time for difference flow 
conditions. 
 
Notation 
d water depth (m) measured from the surface of the channel bed; 
d1 initial steady flow water depth (m) measured at x = 8.5 m; 
∆d decile differences in water depth (m); 
Fr1 bore Froude number defined as (V1+U)/√(g d1); 
g gravity acceleration (m/s2): g = 9.80 m/s2 in Brisbane, Australia; 
h Tainter gate opening after rapid closure (m); 
Q water discharge (m3/s); 
So bed slope: So=sinθ; 
t time (s) after the gate closure (t=0 at gate closure); 
U bore celerity (m/s); 
V1 initial steady flow velocity (m/s) calculated at x = 8.5m; 
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Vx longitudinal velocity (m/s) positive downstream; 
Vy transverse velocity (m/s) positive towards the left side wall; 
Vz vertical velocity (m/s) positive upwards; 
∆V decile differences in velocity (m/s); 
x distance measured from the upstream end (m); 
z vertical elevation (m) measured from the surface of the channel bed (z=0 at bed); 
θ angle between channel bed and horizontal, positive anticlockwise; 
 
Subscripts 
median median value of the ensemble-averaged data set; 
x longitudinal component; 
y transverse component; 
z vertical component; 
75 75% percentile of the ensemble-averaged data set, also called the first quartile; 
25 25% percentile of the ensemble-averaged data set, also called the third quartile; 
 
Abbreviations 
ADM acoustic displacement meter; 
ADV acoustic Doppler velocimeter. 
 
Table F-1 - Experimental flow conditions for ensemble-averaged velocity measurements 
 
Date So Q 
(m3/s) 
Radial 
gate 
opening 
(m) 
d1 
(m)
d2 
(m)
U 
(m/s)
Fr1 h (m) Bore 
type 
z/d1 Instrumentation 
1/10/2014 0.1 ADMs & ADV. 
2/10/2014 0.4 ADMs & ADV. 
3/10/2014 
0.0075 
 
0.102 
 
N/A 
 
0.10
 
0.28
 
0.71 
 
2.2 
 
0 
 
Breaking 
 
0.8 ADMs & ADV. 
7/10/2014 0.1 ADMs & ADV. 
8/10/2014 0.4 ADMs & ADV. 
9/10/2014 
0.0005 
 
0.055 
 
N/A 
 
0.07
 
0.14
 
0.26 
 
1.5 
 
0.051
 
Breaking 
 
0.8 ADMs & ADV. 
13/10/2014 0.1 ADMs & ADV. 
14/10/2014 0.4 ADMs & ADV. 
15/10/2014 
0 
 
0.102 
 
N/A 
 
0.18
 
0.30
 
1.13 
 
1.5 
 
0 
 
Breaking 
 
0.8 ADMs & ADV. 
16/10/2014 0.1 ADMs & ADV. 
17/10/2014 0.4 ADMs & ADV. 
20/10/2014 
0 
 
0.102 
 
0.125 
 
0.21
 
0.27
 
1.00 
 
1.2 
 
0.071
 
Undular 
 
0.8 ADMs & ADV. 
22/10/2014 0.1 ADMs & ADV. 
23/10/2014 0.4 ADMs & ADV. 
24/10/2014 
0 
 
0.055 
 
0.051 
 
0.20
 
0.25
 
1.27 
 
1.2 
 
0.017
 
Undular 
 
0.8 ADMs & ADV. 
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F.2 RESULTS 
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Fig. F-1 - Time-variations of the ensemble-averaged median longitudinal (a), transverse (b) and 
vertical (c) velocity components and velocity fluctuations of the flow condition Q = 0.101 m3/s, So 
= 0, Radial gate opening = fully-opened.125 m, Fr1 = 1.2; Ensemble-averaged median free-surface 
elevation at velocity sampling location marked by thick black line, Velocity data offset by +1m/s 
for the two higher elevations 
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Fig. F-2 - Time-variations of the ensemble-averaged median longitudinal (a), transverse (b) and 
vertical (c) velocity components and velocity fluctuations of the flow condition Q = 0.101 m3/s, So 
= 0, Radial gate opening = fully-opened, Fr1 = 1.5; Ensemble-averaged median free-surface 
elevation at velocity sampling location marked by thick black line, Velocity data offset by +1m/s 
for the two higher elevations 
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Fig. F-3 - Time-variations of the ensemble-averaged median longitudinal (a), transverse (b) and 
vertical (c) velocity components and velocity fluctuations of the flow condition Q = 0.101 m3/s, So 
= 0.0075, Radial gate opening = fully-opened, Fr1 = 2.2; Ensemble-averaged median free-surface 
elevation at velocity sampling location marked by thick black line, Velocity data offset by +1m/s 
for the two higher elevations 
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Fig. F-4 - Time-variations of the ensemble-averaged median longitudinal (a), transverse (b) and 
vertical (c) velocity components and velocity fluctuations of the flow condition Q = 0.055 m3/s, So 
= 0, Radial gate opening = 0.051 m, Fr1 = 1.2; Ensemble-averaged median free-surface elevation at 
velocity sampling location marked by thick black line; Velocity data offset by +1m/s for the two 
higher elevations 
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Fig. F-5 - Time-variations of the ensemble-averaged median longitudinal (a), transverse (b) and 
vertical (c) velocity components and velocity fluctuations of the flow condition Q = 0.055 m3/s, So 
= 0.005, Radial gate opening = fully-opened, Fr1 = 1.5; Ensemble-averaged median free-surface 
elevation at velocity sampling location marked by thick black line; Velocity data offset by +1m/s 
for the two higher elevations 
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Table F-2 - Maximum velocity fluctuations and time lag between the maximum fluctuation and bore arrival time 
 
So Q (m3/s) Radial 
gate 
opening 
(m) 
d1 (m) Fr1 z/d1 Bore type ΔtVx (s) (Vx,75-Vx,25)max 
(m/s) 
ΔtVy 
(s) 
(Vy,75-Vy,25)max
(m/s) 
ΔtVz 
(s) 
(Vz,75-Vz,25)max 
(m/s) 
0.0075 0.101 N/A 0.099 2.3 0.1 Breaking 1.027 0.655 2.505 0.254 NA NA 
0.0075 0.101 N/A 0.099 2.3 0.4 Breaking 1.05 0.677 2.47 0.265 NA NA 
0.0075 0.101 N/A 0.1 2.3 0.8 Breaking 1.066 0.507 2.795 0.261 0.211 2.841 
0.0005 0.055 N/A 0.074 1.5 0.1 Breaking 1.136 0.543 2.276 0.175 1.346 0.388 
0.0005 0.055 N/A 0.074 1.5 0.4 Breaking 1.393 0.32 4.158 0.182 2.323 0.434 
0.0005 0.055 N/A 0.074 1.5 0.8 Breaking 2.741 0.282 5.046 0.159 0.781 1.231 
0 0.101 N/A 0.175 1.5 0.1 Breaking 0.612 0.215 1.027 0.093 N/A N/A 
0 0.101 N/A 0.181 1.5 0.4 Breaking 0.522 0.233 1.192 0.082 N/A N/A 
0 0.101 N/A 0.175 1.5 0.8 Breaking 0.582 0.163 1.532 0.112 N/A N/A 
0 0.101 0.125 0.205 1.2 0.1 Undular 0.97 0.182 N/A N/A N/A N/A 
0 0.101 0.125 0.204 1.2 0.4 Undular 0.72 0.137 N/A N/A N/A N/A 
0 0.101 0.125 0.203 1.2 0.8 Undular 0.665 0.145 N/A N/A N/A N/A 
0 0.055 0.051 0.196 1.2 0.1 Undular 0.865 0.145 N/A N/A N/A N/A 
0 0.055 0.051 0.197 1.2 0.4 Undular 0.94 0.162 N/A N/A N/A N/A 
0 0.055 0.051 0.198 1.2 0.8 Undular 0.925 1.161 N/A N/A N/A N/A 
 
Notes: Italic data: unusual although likely meaningful data; Bold Italic data: suspicious data. 
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APPENDIX G - TURBULENT REYNOLDS STRESSES 
G.1 PRESENTATION 
In a turbulent flow, the Reynolds stress tensor characterises the transport resulting from the 
turbulent motion induced by velocity fluctuations with a subsequent increase of momentum 
exchange. A turbulent stress tensor component equals the fluid density times the cross-product of 
turbulent velocity fluctuations: i.e. ρ×vi×vj where i, j = x, y, z. When i = j, the stress is called a 
normal stress, whereas i ≠ j, the stress is called a tangential stress. The turbulent stress characterises 
the shear stress on the face dxidxj of an elementary control volume (dx, dy, dz). In a rapidly-varied 
unsteady flow, the velocity fluctuation vi is the deviation between the measured velocity and the 
ensemble-average median velocity (BRADSHAW 1971): 
 iii VVv   
where Vi is the instantaneous velocity component measurement and iV  is the ensemble-averaged 
median value herein (CHANSON and DOCHERTY 2012). 
The flow conditions for the turbulent Reynolds stress data were summarised in Table F-1. This 
appendix presents the time-variations of the ensemble-averaged median normal Reynolds stresses 
ρ×vx×vx, ρ×vy×vy, ρ×vz×vz and tangential Reynolds stresses ρ×vx×vx, ρ×vy×vy, ρ×vz×vz for flow 
conditions summarised in Table F-1. The time-variations of the third quartile of the normal stresses 
(vivi)75 and the difference between the third and first quartiles of the tangential stress (vivj)75-(vivj)25 
are shown with the stress tensors to indicate the level of instantaneous stress, which may occur in 
sediment transport process. The time-variations of the ensemble-averaged median free-surface 
elevation at the velocity sampling location corresponding to the same flow condition are also 
presented. 
 
Notation 
d water depth (m) measured from the surface of the channel bed; 
d1 initial steady flow water depth (m) measured at x = 8.5 m; 
∆d decile differences in water depth (m); 
Fr1 bore Froude number defined as (V1+U)/√(g d1); 
g gravity acceleration (m/s2): g = 9.80m/s2 in Brisbane, Australia; 
h Tainter gate opening after rapid closure (m); 
Q water discharge (m3/s); 
So bed slope: So=sinθ; 
t time (s) after the gate closure (t=0 at gate closure); 
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U bore celerity (m/s); 
V1 initial steady flow velocity (m/s) calculated at x = 8.5 m; 
Vx longitudinal velocity (m/s) positive downstream; 
Vy transverse velocity (m/s) positive towards the left side wall; 
Vz vertical velocity (m/s) positive upwards; 
∆V decile differences in velocity (m/s); 
vx longitudinal turbulent velocity fluctuation (m/s); 
vy transverse turbulent velocity fluctuation (m/s); 
vz vertical turbulent velocity fluctuation (m/s); 
x distance measured from the upstream end (m); 
z vertical elevation (m) measured from the surface of the channel bed (z=0 at bed); 
θ angle between channel bed and horizontal, positive anticlockwise; 
 
Subscripts 
median median value of the ensemble-averaged data set; 
x longitudinal component; 
y transverse component; 
z vertical component; 
75 75% percentile of the ensemble-averaged data set, also called the first quartile; 
25 25% percentile of the ensemble-averaged data set, also called the third quartile; 
 
Abbreviations 
ADM acoustic displacement meter; 
ADV acoustic Doppler velocimeter. 
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G.2 RESULTS 
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Fig. G-1 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.101 m3/s, So = 0, Radial gate opening = 0.125 m, Fr1 = 1.2, z/d1 = 0.1; 
Ensemble-averaged median free-surface elevation at velocity sampling location marked by thick 
black line, tangential stress offset by +0.1m2/s2 
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Fig. G-2 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.101 m3/s, So = 0, Radial gate opening = 0.125 m, Fr1 = 1.2, z/d1 = 0.4; 
Ensemble-averaged median free-surface elevation at velocity sampling location marked by thick 
black line, tangential stress offset by +0.1m2/s2 
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Fig. G-3 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.101 m3/s, So = 0, Radial gate opening = 0.125 m, Fr1 = 1.2, z/d1 = 0.8; 
Ensemble-averaged median free-surface elevation at velocity sampling location marked by thick 
black line, tangential stress offset by +0.1m2/s2 
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Fig. G-4 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.101 m3/s, So = 0, Radial gate opening = fully-opened, Fr1 = 1.5, z/d1 = 0.1; 
Ensemble-averaged median free-surface elevation at velocity sampling location marked by thick 
black line, tangential stress offset by +0.1m2/s2 
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Fig. G-5 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.101 m3/s, So = 0, Radial gate opening = fully-opened, Fr1 = 1.5, z/d1 = 0.4; 
Ensemble-averaged median free-surface elevation at velocity sampling location marked by thick 
black line, tangential stress offset by +0.1m2/s2. 
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Fig. G-6 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.101 m3/s, So = 0, Radial gate opening = 0, Fr1 = 1.5, z/d1 = 0.8; Ensemble-
averaged median free-surface elevation at velocity sampling location marked by thick black line, 
tangential stress offset by +0.1m2/s2 
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Fig. G-7 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.101 m3/s, So = 0.0075, Radial gate opening = fully-opened, Fr1 = 2.2, z/d1 = 
0.1; Ensemble-averaged median free-surface elevation at velocity sampling location marked by 
thick black line, tangential stress offset by +0.1m2/s2 
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Fig. G-8 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.101 m3/s, So = 0.0075, Radial gate opening = fully-opened, Fr1 = 2.2, z/d1 = 
0.4; Ensemble-averaged median free-surface elevation at velocity sampling location marked by 
thick black line, tangential stress offset by +0.1m2/s2 
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Fig. G-9 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.101 m3/s, So = 0.0075, Radial gate opening = fully-opened, Fr1 = 2.2, z/d1 = 
0.8; Ensemble-averaged median free-surface elevation at velocity sampling location marked by 
thick black line, tangential stress offset by +0.1m2/s2 
 
t (s)
v i
v j
, (
v i
v j
) 7
5, 
(v
iv
j) 7
5-
25
 (m
2 /s
2 )
d 
(m
)
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 0
0.01 0.03
0.02 0.06
0.03 0.09
0.04 0.12
0.05 0.15
0.06 0.18
0.07 0.21
0.08 0.24
0.09 0.27
0.1 0.3
0.11 0.33
0.12 0.36
(vxvx)median
(vxvx)75
(vxvy)median
(vxvy)75-(vxvy)25
Depth (x=8.5m)
 
 A-115 
t (s)
v i
v j
, (
v i
v j
) 7
5, 
(v
iv
j) 7
5-
25
 (m
2 /s
2 )
d 
(m
)
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 0
0.01 0.03
0.02 0.06
0.03 0.09
0.04 0.12
0.05 0.15
0.06 0.18
0.07 0.21
0.08 0.24
0.09 0.27
0.1 0.3
0.11 0.33
0.12 0.36
(vyvy)median
(vyvy)75
(vyvz)median
(vyvz)75-(vyvz)25
Depth (x=8.5m)
 
t (s)
v i
v j
, (
v i
v j
) 7
5, 
(v
iv
j) 7
5-
25
 (m
2 /s
2 )
d 
(m
)
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 0
0.01 0.03
0.02 0.06
0.03 0.09
0.04 0.12
0.05 0.15
0.06 0.18
0.07 0.21
0.08 0.24
0.09 0.27
0.1 0.3
0.11 0.33
0.12 0.36
(vzvz)median
(vzvz)75
(vxvz)median
(vxvz)75-(vxvz)25
Depth (x=8.5m)
 
Fig. G-10 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.055 m3/s, So = 0, Radial gate opening = 0.051 m, Fr1 = 1.2, z/d1 = 0.1; 
Ensemble-averaged median free-surface elevation at velocity sampling location marked by thick 
black line, tangential stress offset by +0.1m2/s2 
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Fig. G-11 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.055 m3/s, So = 0, Radial gate opening = 0.051 m, Fr1 = 1.2, z/d1 = 0.4; 
Ensemble-averaged median free-surface elevation at velocity sampling location marked by thick 
black line, tangential stress offset by +0.1m2/s2 
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Fig. G-12 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.055 m3/s, So = 0, Radial gate opening = 0.051 m, Fr1 = 1.2, z/d1 = 0.8; 
Ensemble-averaged median free-surface elevation at velocity sampling location marked by thick 
black line, tangential stress offset by +0.1m2/s2 
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Fig. G-13 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.055 m3/s, So = 0.005, Radial gate opening = fully-opened, Fr1 = 1.5, z/d1 = 
0.1; Ensemble-averaged median free-surface elevation at velocity sampling location marked by 
thick black line, tangential stress offset by +0.1m2/s2 
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Fig. G-14 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.055 m3/s, So = 0.005, Radial gate opening = fully-opened, Fr1 = 1.5, z/d1 = 
0.4; Ensemble-averaged median free-surface elevation at velocity sampling location marked by 
thick black line, tangential stress offset by +0.1m2/s2 
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Fig. G-15 - Time-variations of the ensemble-averaged median Reynolds stress tensors, the third 
quartile of normal stresses and difference between the third and first quartiles of tangential stresses 
for flow condition Q = 0.055 m3/s, So = 0.005, Radial gate opening = fully-opened, Fr1 = 1.5, z/d1 = 
0.8; Ensemble-averaged median free-surface elevation at velocity sampling location marked by 
thick black line, tangential stress offset by +0.1m2/s2 
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APPENDIX H - RUMBLE NOISE OF BREAKING TIDAL BORES (BY H. 
CHANSON) 
H.1 PRESENTATION 
A tidal bore is a sharp rise in free-surface elevation propagating upstream in an estuarine system as 
the tidal flow turns to rising. Also known as aegir, mascaret or pororoca, a tidal bore forms typically 
during spring tide conditions with tidal ranges exceeding 4 to 6 m when the flood tide converges 
into a narrow funnelled channel. Figure H-1 illustrates the tidal bore of the Qiantang River in 
China. Figure H-2 presents a map of the area. The tidal bore sounds were called a "roar" (DARWIN 
1897) or a "great destructive noise", often compared to the sound of bass drums and thunder. The 
Canadian composer Gordon Monahan created a musical piece using sound recordings in the Bay of 
Fundy: "the tidal bore of the Maccan River" (MONAHAN 1981). The rumble noise of tidal bores is 
known to disorientate animals which would be outrun and drowned by the bore, when they 
panicked. 
The acoustic properties of a tidal bore were investigated in the Bay of Mt St Michel by CHANSON 
(2009a). The results suggested that the air bubble entrainment in the tidal bore roller played a major 
role in the rumble noise generation. Herein, the atmospheric sounds of tidal bore were carefully 
recorded in the field and in laboratory. The passive acoustic characteristics were analysed and 
compared with previous data. The present work focuses on the acoustic signature of breaking tidal 
bore processes and the comparative results are discussed in terms of scaling. 
 
 
(A) Breaking bore between Xinchang and Qilimiao on 11 October 2014 about 13:10 
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(B) Tidal bore at Yanguan on 11 October 2014 at 13:28 - The bore front was 3 m high 
 
(C) Bore between Yanguan and Laoyanchang about 13:47 
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(D) Breaking bore at Juixi about 15:30 
Fig. H-1 - Photographs of the tidal bore of the Qiantang River (China) on 11 October 214 
 
 
(A) Dimensioned map of the estuarine zone of the Qiantang River affected by a tidal bore 
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(B) Detailed sketch of Yanguan, viewed in elevation 
 
(C) Undistorted cross-sectional sketch of sound recording locations on 11 and 12 October 2014 
Fig. H-2 - Estuarine zone of the Qiantang River (China) affected by the tidal bore 
 
H.2 EXPERIMENTAL CONFIGURATIONS AND MEASUREMENTS 
The Hangzhou Bay in China is characterised a large tidal range up to 9 m at the river mouth and 
fast advancing flood tides. The Bay is drained by a main river: the Qiantang River (Fig. H-2A). The 
Qiantang River catchment area is 49,900 km2 and its mean annual discharge is 920 m3/s (CHEN et 
A-128 
al. 1990). The estuarine zone is 270 km long, of which the downstream 190 km are affected by a 
major tidal bore. Figure H-1 presents a number of photographs of the Qiantang River bore in 
October 2014. Figure H-2A shows a number of well-known view points. The tidal bore was well 
documented historically (MOULE 1923, DAI and ZHOU 1987, CHYAN and ZHOU 1993). The 
bore is regarded as very dangerous with numerous warning signs along the estuary banks to stop 
people wandering near low water. Each year, a number of drownings are reported. 
Herein the tidal bore of the Qiantang River was observed at Yanguan, 55 km downstream of the 
City of Hangzhou, where the river is 2.8 km wide. On the 11 October 2014, photographs were taken 
during the daytime bore (Fig. H-1 & H-2B). Atmospheric sounds were recorded at night with a 
dSLR PentaxTM K3 equipped with an external RodeTM Stereo VideoMic Pro shotgun on the early 
morning of 11 and 12 October 2014. The shotgun was equipped with a stereo electret condenser 
microphone. The video camera and microphone were located on a building balcony on 11 October 
2014 and near the edge of the old seawall on 12 October 2014 (Fig. H-2C). Their location was fixed 
for each record but the microphone was aimed towards the tidal bore front for the whole duration of 
the records. The recording on 11 October data set was a test, consisting of a short data set taken in 
less than optimum conditions. The sound record on 12 October was conducted with greater care 
and, in particular, the microphone location was more appropriate. In each case, the microphone was 
fixed to the camera's hotshoe. Its maximum sound pressure level was 134 dB and the SNR setting 
was 74dB. The audio signal (PCM digital sound: 16 bit, 48 kHz, 2 channels) was separated from the 
video signal. The signal was digitized at 48 kHz, implying a Nyquist frequency of about 24 kHz. 
The .WAV recordings were processed with the software DPlotTM version 2.3.5.3. Fast Fourier 
transforms (FFTs) were taken. Each experimental data set was sub-sampled into sub-sets 2 s long to 
give a frequency span of 0–24 kHz. 
Similarly, sound recordings were conducted with the same equipment in the 19 m long 0.7 m 
rectangular channel located at the University of Queensland. An initially steady flow was set and 
the tidal bore was generated by the rapid and complete closure of a downstream gate (LENG and 
CHANSON 2014). The bore sound was recorded 9 m upstream of the gate. The sound recording 
was started a few seconds after the gate closure and stopped before the bore reached the channel's 
upstream end. The overall record was relatively short. Hence the experimental data set was sub-
sampled into sub-sets 0.2 s long. Figure H-3 shows some photographs of the breaking bore and 
Table H-1 summarises the main flow conditions. 
 
Table H-1 - Experimental conditions for the acoustic measurements of breaking tidal bore sounds 
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Reference Tidal bore d1 U d2-d1 Fr1 Remarks 
  (m) (m/s) (m)   
(1) (2) (3) (4) (5) (6) (7) 
Present study Qiantang River, 
11 Oct. 2014 
2-2.5 4.35 3 2 At Yanguan (left 
bank) 
 Laboratory 
experiment 
0.1055 0.66 0.19 2.3  
CHANSON 
(2009a) 
Sélune River, 15 
Oct. 2008 
0.35-0.5 -- 0.7-1 2.45 At Pointe du Grouin 
du Sud (right bank) 
 
Notes: d1: initial flow depth; Fr1: bore Froude number; U: bore celerity; d2-d1: bore roller height. 
 
 
(A) Sideview with bore propagating from right to left 
 
(B) Looking downstream at the incoming breaking bore roller 
Fig. H-3 - Photographs of the laboratory breaking bore (shutter speed: 1/2,000 s) 
 
A-130 
Remark 
Both field and laboratory data sets indicated some sound energy between 5 and 30 Hz, irrespective 
of the time and of the proximity of the tidal bore. Some complementary test with the same camera 
and microphone was performed at night with minimum background noise with (a) the shotgun 
mounted on the camera hotshoe and (b) the shotgun placed 20 cm away from the camera body. All 
the camera settings were otherwise identical for all tests. The records were sub-sampled and 
analysed identically to the field data sets. The results (not shown) indicated a marked difference in 
sound energy at low frequency (10-30 Hz), suggesting that the microphone mounted on the hotshoe 
picked up some low-frequency noise within the camera body. This might be linked to the servos 
that move the sensor during active in-camera shake reduction and hold the sensor still when the 
mirror is up. In the following, the data analyses will focus on the signal frequencies above 30 Hz. 
 
H.3 PHYSICAL OBSERVATIONS 
H.3.1 Field observations 
On 11 and 12 October 2014, the tidal bore of the Qiantang River was observed in the early morning 
darkness about 5 hours before sunrise as well as on the 11 October midday when the sky was 
overcast. The bore arrived as a single line, guided by the northern seawall (Fig. H-1B and H-2B). 
The bore front passed in front of the microphone before impacting onto the research station at 01:06 
on 11 October morning and 01:34 on 12 October morning. After crashing on the research station 
platform, the tidal bore continued upstream towards Hangzhou. During daytime on 11 October, the 
author followed the bore from Xinchang at 12:57, to Yanguan at 13:28, to Laoyanchang at 14:00, 
up to Jiuxi at 15:30. The entire process was a breaking bore during all observations (Fig. H-1). At 
night, the white waters of the bore roller were seen with the embankment lighting, but there was not 
enough light for high-speed photographic observations. 
On 11 October, the sound measurements started at 01:04 and lasted for about a minute as the bore 
passed in front of the research station. On 12 October, the bore was heard since 01:00, and the 
record started at 01:23, lasting till 01:35 (Fig. H-4). The entire bore sound record may be sub-
divided into two distinct periods. From the first part of the record, the tidal bore approached 
Yanguan and the sound amplitude increased gradually up to t = 5480 s. For 5480 s < t, the bore 
approached the recording location in a very loud manner, dominated by the bore impact and 
reflection on the old seawall (Fig. H-2A). At t = 5634 s, the tidal bore passed in front of the 
microphone with a celerity about 4.35 m/s, and later "crashed" onto the platform at t = 5654 s, with 
loud and powerful noises. For 5654 < t < 6543 s, the tidal bore continued upstream towards 
Laoyanchang and Hangzhou, and the audio record was a combination of the sounds generated by 
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the advancing tidal bore in the background, the flood tidal flow past the research station platform 
and the flood flow past the old seawall in the foreground. The entire sound record is presented in 
Figure H-4 and the time of passage of the bore is listed in the figure caption. 
The sound record characteristics were analysed in terms of the sound pressure amplitude. The 
results are summarised in Table H-2 (columns 5 and 6), with the mean and standard deviation of the 
amplitude modulus. On 12 October, the author stood on the top of the seawall on 12 October. The 
mean sound amplitude modulus data showed an increasing amplitude with the approaching bore. 
For t < 5480 s, the experimental data were matched closely with a simple source model 
(LIGHTHILL 1978, MOSER 2009), in which the sound pressure is proportional to (x2+h2)-1/2, with 
x the longitudinal distance parallel to the seawall between the bore front and microphone location 
and h the microphone's vertical elevation above the initial water level: h  6 m. It is acknowledged 
that a line source model might give slightly better results, especially at far distances. During the 
second period (5480 < t < 6543 s), the noises were in average twice louder than during the first 
period (incoming bore). The quantitative data were consistent with the personal observations during 
the tidal bore. The ratio of standard deviation to mean absolute value was typically between 0.75 
and 0.95 for all observations, independently of the period. 
 
 
Fig. H-4 - Sound record of the tidal bore of the Qiantang River at Yanguan on 12 October 2014 
between 01:22 and 01:42 - The bore front passed in front of the microphone at 01:33:54 (t = 5634 s) 
and impacted onto the research station platform at 01:34:14 (t = 5654 s) - Solid line demarks two 
distinctively different periods 
 
A spectral analysis of the sound record was conducted, and the basic properties are summarised in 
Table H-2 (columns 7 and 8). The acoustic spectra are presented in Figure H-5 for several time 
periods encompassing the two characteristic periods of the sound record presented in Figure H-4. 
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Ignoring the signal frequencies below 30 Hz (see discussion above), each spectrum exhibited a 
dominant frequency with the characteristic values summarised in Table H-2 (column 7). The 
dominant frequency ranged from 57 to 131 Hz depending upon the time. During the first period of 
the record (t < 5480 s), the dominant frequencies were within 57-62 Hz. Such values corresponded 
to a low pitch rumble sound, and the rumble frequency was linked to collective oscillations of 
bubble clouds entrapped in the bore roller (PROSPERETTI 1988, KOLAINI et al. 1994, 
CHANSON 2009a). The breaking bore advanced rapidly in the main channel (Fig. H-1). The low-
frequency sound (57-62 Hz) was a characteristic feature of the breaking roller, caused by the 
turbulence and entrained bubbles in the roller. 
For the second characteristic period (t > 5480 s), the tidal bore impacted onto the seawall and the 
impact was an energetic process generating louder noises of a higher pitch, yielding a dominant 
frequency around 131 Hz. The noise levels were high including when the bore crashed into the 
research station platform. This is seen in Figure H-4 where the higher acoustic energy illustrated a 
louder noise, as well as in Figure H-5 with a larger integral of the power spectral density (PSD) 
function (Table H-2, column 8). Note that, since all peak frequencies were greater than the low-
frequency in-camera noise found below 30 Hz, no high-pass filtering was required. 
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Fig. H-5 - Acoustic spectra of the tidal bore event, Qiantant River bore at Yanguan on 12 October 
2015 between 01:22 and 01:42 - Average of left and right sound track spectra, tidal bore passage in 
front of microphone: t = 5634 s, first period: t < 5480 s, second period: t > 5480 s 
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H.3.2 Laboratory observations 
In the laboratory, the sound record focused on the incoming bore and the data were relatively short. 
The bore arrived as a two-dimensional breaking roller guided by the glass sidewalls of the 
rectangular channel (Fig. H-3). The bore front passed directly beneath the microphone before 
continuing further upstream. The entire record contained relatively loud noises. A first phase of 
increasing sound pressure amplitude was not observed, likely the result of the relatively short 
record. 
A spectral analysis of the record was conducted. A typical acoustic spectrum is shown in Figure H-
6 and basic properties are summarised in Table H-2. Ignoring the low frequencies (see above), the 
data exhibited a dominant frequency with the characteristic values summarised in Table H-2 
(column 7). The dominant frequency ranged from 220 to 732 Hz. 
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Fig. H-6 - Acoustic spectra of the laboratory breaking bore - Average of left and right sound track 
spectra, Run 1 
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Table H-2 - Acoustic properties of tidal bore sound records 
 
Reference Record Duration Audio 
track 
Average 
sound 
amplitud
e 
modulus
STD 
sound 
amplitud
e 
modulus
Dominant 
frequency 
(range) (*)
Integral 
of PSD 
function 
[40-20 
kHz] (*) 
Remarks 
  (s)  (V) (V) (Hz) (V2)  
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
Qiantang River 
tidal bore, 11 
Oct. 2014 
Tidal bore 
(breaking) 
      At Yanguan (left 
bank) 
 3551 26 Left 0.00188 0.00143 60.1 
(45-65) 
-- Bore passage 
   Right 0.00157 0.00119 60.1 
(45-65) 
--  
 3552 32 Left 0.00188 0.00143 -- -- Bore crashing on 
research station 
   Right 0.00158 0.00120 -- --  
Qiantang River 
tidal bore, 12 
Oct. 2014 
Tidal bore 
(breaking) 
      At Yanguan (left 
bank)  
 4166A 80 Left 0.07453 0.07072 56.8 
(48-61) 
1.02 Incoming tidal bore
   Right 0.07444 0.07066 56.8 
(48-61) 
1.02  
 4166C 105 Left 0.0628 0.05801 66.7 
(65-70) 
1.03 Incoming tidal bore
   Right 0.06272 0.05795 66.7 
(65-70) 
1.02  
 4167A 140 Left 0.09078 0.0748 61.9 
(55-85) 
2.23 Incoming tidal bore
   Right 0.09063 0.07469 61.9 
(55-85) 
2.22  
 4167B 132 Left 0.14915 0.11481 131.1 
(70-155) 
6.01 Bore passage & 
Bore crashing on 
research station 
   Right 0.14888 0.1146 131.1 
(70-155) 
6.0  
Laboratory 
experiment 
Breaking 
bore 
       
  4.5 Left 0.1239 0.0956 228 & 527
(180-600) 
21.2 Run 1 
   Right 0.1236 0.0954 228 & 527
(180-600) 
21.1  
   Left 0.1598 0.123 220, 533 
& 732 
(180-750) 
28.8 Run 2 
   Right 0.1595 0.123 220, 533 
& 732 
(180-750) 
28.8  
 
Notes: Modulus = absolute value; PSD = power spectral density; STD = standard deviation; (*): 
field data set sub-sampled into sub-sets 2 s long and averaged; laboratory data set sub-sampled into 
0.2 s long sub-sets and averaged. 
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H.3.3 Comments 
The acoustic signature of the tidal bore event was compared with an earlier sound record 
(CHANSON 2009a). That of the breaking tidal bore of the Sélune River at the Pointe du Grouin du 
Sud in October 2008 at night (Table H-1). The present data record showed two distinctive periods, 
with the approaching bore, and the bore passage in front of Yanguan (1). The characteristics of the 
Qiantang River bore sound record are reported in Table H-2, with the same tabular format as the 
data reported Table I, in CHANSON (2009a). In both set of observations, the sound recording was 
conducted in the middle of the night in absence of spectators; this feature guaranteed a minimum 
level of background noise for a better characterisation of the bore acoustic properties. 
The acoustic spectra of the sound record are presented in Figure H-5 for five segments: the first 
three corresponding to the approaching bore and the last two for the bore passage in front of the 
research station. The comparison is relevant since all the sound data were recorded with the same 
microphone from the same location. In Figure H-5, the plots illustrate the minimum in energy at 
roughly 30 Hz for all data. Above maxima were observed for frequencies between 56 and 131 Hz. 
While all data sets corresponded to low-frequency noises, the loudness of the tidal bore propagation 
along the seawall and its crashing onto the research station platform is highlighted by its high 
acoustic energy (Fig. H-6, t > 5480 s). 
The Qiantang River and Sée-Sélune River tidal bores exhibited similar acoustic features during the 
first period of each record (Fig. H-4). First the sound amplitude increased with increasing time as 
the bore propagated upstream towards the microphone. Second the sound level was much lower and 
less energetic than during the subsequent record section. The acoustic spectra of the Sée-Sélune 
River and Qiantang River tidal bores showed some low-pitch sound frequency, the Sée-Sélune 
River tidal bore having a slightly higher dominant frequency (76-77 Hz) than that of the Qiantang 
River tidal bore (Table H-2, column 7). 
There were however a number of key differences between the two tidal bore events. While both 
tidal bores were breaking bores with a marked roller, the Qiantang River tidal bore propagation was 
constrained by the seawall. Since the sound amplitude falls off as 1/r, and the sound power as 1/r2, 
where r is the radial distance to the microphone, sounds generated in the vicinity of the recording 
device contributed most to the measured sound and this included the bore crashing on the seawall 
slope. Further the Qiantang River bore roller was massive (d  3.0 m) with intense turbulence and 
                                                 
1 No third period was noted contrarily to the observations of CHANSON (2009a), possibly because the noise 
of the flood flow on the research station dominated the sound record. 
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air bubble entrainment, and its passage in front of the microphone was associated with the impact 
onto a man-made platform. Thus the interactions of the bore and flood flow with the piles induced 
loud noises which dominated the second part of the acoustic record (Fig. H-4, t > 5654 s). 
 
H.4 DISCUSSION 
In a breaking bore, large scale eddies are generated at the roller toe and advected downstream (YEH 
and MOK 1990, HORNUNG et al. 1995, LENG and CHANSON 2015). The generation, growth, 
advection, and pairing of the vortical structures are responsible for low-frequency oscillations of the 
turbulent velocity field in the bore roller (LONG et al. 1991, CHANSON and GUALTIERI 2008, 
WANG and CHANSON 2015). The breaking bores are also characterised by some air bubble 
entrainment at the roller toe and advection in the roller (LENG and CHANSON 2015) (Fig. H-3A). 
Figure H-3A shows the air bubble entrapment in the roller shear region in laboratory. Using an 
analogy a spilling breaker model, the bubble generation at the roller toe can be shown to amplify 
the pressure oscillations induced by the large-scale turbulence (PROSPERETTI 1988). In first 
approximation, the lowest natural frequency of a bubble cloud is: 
 
P
L
1F
b
 (H-1) 
where Lb is the bubble cloud characteristic length corresponding to the roller height, P is the 
ambient pressure,  is the fluid density and  the void fraction. Equation (H-1) implies that large 
tidal bores would generate lower pitch sound than small ones. Considering a bore height of 3 m as 
seen in Figure H-1C, the lowest natural frequency of the bubbly cloud would be about 34 Hz for 
1% void fraction. The result tends to suggest that the air bubbles entrapped in the large-scale eddies 
of the tidal bore roller might be acoustically active and contribute to the rumble sound generation. 
Figure H-7 presents a comparative summary of the dominant frequencies of tidal bore rumble 
frequency in the field and in laboratory. The data are compared with Equation (H-1). Overall the 
comparison shows that the sounds generated by the breaking bore had a low-pitch comparable to 
the sound generated by collective oscillations of rising bubble clouds. The low rumble frequency 
may explain the general public's perception of approaching breaking bores as galloping horses and 
locomotive trains. While Equation (H-1) provided some reasonable estimate for both laboratory and 
Sée-Sélune River sound frequency data, Figure H-7 suggests that Equation (H-1) might be 
oversimplistic in the case of the Qiantang River bore. 
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Fig. H-7 - Dominant rumble sound frequencies generated by breaking tidal bores as functions of the 
bore roller height - Comparison with Equation (H-1) 
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H.5 CONCLUSION 
The sounds generated by the breaking tidal bore of the Qiantang River were carefully documented 
in October 2014. The sound record showed two dominant periods, with some similarity during 
another tidal bore event in the Sée-Sélune River. Similar features includes: (a) the incoming tidal 
bore phase when the sound amplitude increased with the approaching bore front, and (b) the 
passage of the tidal bore in front of the microphone where the impacts of the bore on the bank or 
platform generated loud and powerful noises. The distinction between periods was easily heard in 
situ. 
During the first period, the tidal bore sounds were generated by the bore front hydrodynamic 
processes including turbulence, air entrainment and breaking next to the bank. A comparison 
between laboratory and prototype tidal bores illustrated both common features and differences. The 
low pitch rumble of the breaking bore had a dominant frequency close to the collective oscillations 
of bubble clouds, and the air entrapment in the bore roller was likely the major factor in the acoustic 
signature of the bore. While both laboratory and Sée-Sélune River sound frequency data were 
successfully modelled with a bubble cloud model (Eq. (H-1)), the findings suggest that this model 
might be oversimplistic in the case of the Qiantang River bore. 
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